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1. PART |

1.1 INTRODUCTION

1.1.1 Summary

The properties of PBT, 'articulated’ copélymers of PBT (SPBT), and PBO (SPBO), and
copolymers of PBT and PBO in dilute solutions are discussed in the following. 'Light
scattering methods are used to determine the.molecular weight Mw,the second virial
coefficient Az' the root-mean-square radius of gyration RG, and a 'hydrodynamicv
radius RH=E/6nvs, with = the molecular friction factor. Photon correlation scatfe'ring
is used to determine the other parameters. The anisotropic light scattering is used
to determine an optical molecular anisotropy 3 which provides information on the

rodlike nature of the chain. Detailed expressions for these quantities are given in the

next section,

Several salient features emerge from this study:

1. The data on & show that the articulated copolymers are nhot rodlike chains
“in dilute solution in methane sulfonic acid (MSA). Data on RG and RH
suggest that these adopt a coil-like conformation. . ' ‘

2. The. addition of salt to solutions of PBT or articulated PBT's causes
pronounced enhancement of the anisotropic light scattering. With PBT,
this behavior is interpreted in terms of aggregated flocs, with an
appreciable extent of parallelism between the rodlike chains. With the
articulated PBT’s, the anisotropic scattering is attributed to increased
rodliike conformation of chains held in aggregated supramolecular
structures.

3. All of the solutions studied exhibited some degree of intermolecular
association in MSA; this behavior was particularly pronounced with the
PBT-PBO copolymers

The behavior of the PBT and articulated PBT copolymers on the addition of salt is
intriguinh, and suggest that aggregation phenomena may be expected inkgeneral as the
solution prop‘erties‘ are changed in the direction toward decreasing Az' The formation
of such aggregates may play a dominant role in the properties of a solid of t‘hese
polymers formed by coagulation from solution,as is the usual solution processing

methods used with PBT.




1.1.2 Theoretical Relations

Polarized and depolarized absolute intensity and polarized dynamic light scattering
are used in this study. The analysis employs the intensity correlation function
9(2)(T,A'r) and the second factorial moment n'?(Ar), both determined in the self-
beating photon correlation mode . Here Ar is the sampling interval and r is the

. . . 1~
correlation time. For monodispersed solutes 4

g'%r.A7) -1=H(A)a(2y) [ o' 7,7} | 2 (1.1
n2(rar)- 1 = flAN(2y) | (1.2)

where f(A) is a coherence factor fixed by the optical system (typically 0.1< f(A) <0.7),
y= Ar/rh where T is the coherence time at scattering angle # with the wave vector
modulus ¢={4x/\)sinf/2, and

sinh
Y )2 (1.3)

ql2y) = (
Y
2 2
hly) = — --—2.-(1 - exp (~y) (1.4)
Yy r '

In - obtaining Eqns. 3 and 4, the magnitude lg(”(TAT)I the electric field correlation
function has been set equal to exp(-yr/Ar); this approximation will "used throughout
the following. For a collectlon comprising components characterized by Yy each

contributing a fraction r of the scattered light.s
9(2)(7,A'r)- 1 = f(A) ZZrirjq(y{*yj)-r/Ar (1.5}

n@Aar) - 1 =fA) EZrchly, +y) | (1.6)




With the neglect of q(yi + yj) which is essentially unity unless the yi are very large,

eq. 5 can be written in the more convenient form

1/2

(2)(T,AT)"1]

lg =t "2(AIZr expl-y rIAT) | < (1.7)

for the analysis of data to obtain r and Yy If the solution comprises unassociated
L and aggregated components, it may appear to be a quasi-multiple component mixture
since the Y, for these components can be expected to differ significantly. in this
case, simple methods of data analysis may be used to estimate Fyr Yie Tor Yor T
y g-€tc. for the “components”. Sophisticated methods (eg., see ref 2)) have been
proposed to deal with more complex situations. In general, if the y, are closely

spaced and numerous (as with a distribution of chain lengths) estimation of the r. and

y, set will be imprecise and may not be unique since the problem is ill posed.

The r. are related to integrated scattered intensity. For vertiycally polarized
scattering with vertically polarized incident light r. is determined by the Rayleigh ratio

R, for component i at concentration vci, divided by the total Rayleigh ratio lRVVi

Vv,i

rati05:
r=R,, (@R (g.c) - (8

A, M
Ke/R,, 12 (keJR )2 [1+ 20 1 c + ] (1.9)
) ! VV,IO 1 0 (1+(4/5) (3'2 ) i
: 1

: (ke/RY ) = M~ 145152 )7 M1e— U5, IRE g%+ (1.10)

3

with § the molecular optical anisotropy, A2 the second virial coefficient , MW the
weight average molecular weight, superscript and subscript 0 denoting quantities at

infinite dilution and zero angle, respectively , and
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J5) = [1- (4/s) flé*(4/7)(f25)2]/[1+(4/5)52] (1.11)

The depolarized scattering IRHv(h,c) is given by 6
o 0 2
(Kci/]RHvlio)-(Kci/]RHv'i)o + 0lc?) (1.12)
_ 2 2,2 2
‘(Kci/]RHv'i)o =(5/3M 5 ") 1+(3/7)f ;R ¢ +...] | {1.13)

The coefficients f1,f2, and f3 are essentially unity for rodlike chains.

These expressions are valid for two types of chain models with anisotropic
segments, the freely rotating chain and the worm like chain. The chain elements are
intrinsically anisotropic; that is 60 is defined in terms of the principal polarizabilities

of the scattering element

_ 2 _. 2 _ 32
sz, teeg e e ayey

(=]

2e 1+a2+as)2

If the polarizability is cylindrically symmetric with d1=a and 'a2=a3=ﬂ then
a-p

6°=
a+2f

and -1/2 < 50 <1. The overall anisotropy & for a polymer chain can be defined as

the average of 50 for each chain element over all chain conformations.

The first model is a chain with free rotation about each of the N bonds of length |,
anisotropy 50, and valence angle r-a . The second model is a worm like chain with
n equivalent segments of length b, anisotropy < and a persistence length p=b/2X,

where \ is a parameter between zero and unity. As X goes to zero and unity, the




worm like chain behaves as a rodiike and random—coul chain respectlvely The overall

chain amsotropy § has been calculated with both models wnth the result

52 7, 146 2001b)V
52_ o -
N 1b  N{1-b)?
3a2-1 : :
where b= and a=cosa o , : ' (1.14)
2

for the chain with free rotation and®
2 .2 ‘—"l
6°=8 (02/32){1—(32) [ 1-exp(-32)1}

where Z=2\n=L/p for the worm like chain, with L=nb the contour length of the chain.
The ratio (6/50)2 is shown as a function of N{1-a)/a in figure 1 for several values of

a. For the freely rotating chain, if Z=N(1-a)/a, figure 1 represents equation (1.14) well.

For rodlike chains (L/p = 0), segments along the contour length are highly correlated.
Recalling 60 2is an average over all chain conformations and in a rod there is only
one conformation, § will equal 50. The high value of the optical anisotropy will give
rise to a large Hv scattering component if the molecular weight is large enough. For
coil like moleﬁules (LI p)~oo 52‘ is averaged over all possible chain configurations
which is a.re|ationship proportional to N;1. It is expected introduction of a few
flexible segments will decrease the overall anisotrop\,;' of the molecule and the

intensity of the Hv component of the scattered light.

Several estimates of the average contour length of a rodlike chain can be obtained

through the used of the relations’

R2 = L? WIL/p}12 | (1.15)
. =0 . , o

R, = Z%6y_= L12 HLIp,Lid) (1.16)

M, = MIL (1.17)




(Z)

1
Here lim W(L/p) = 1 —
' 5 P 30

lim H(_E ,__L_>=H_L_.-~1.887(__I;)o.z

P dH _dH dH
L/ p)2

L L :
F(____)~0.745H(.._._) where the power law approximations are useful for L/dH in the

range’a'I 30 to 3,000. HEstimates of the contour lengths may be calculated as

=0

{ B 1.25
LE'{ _3”'—( "Lo".z }

( Wain(c/R,, )° ) o

L. = 28 5

GH | dh

Wain(c/R,,)° )

L. = 36J(6)( 12
GV . ahZ
S(RHV(O)/Kc)° )
Ly SN
35°M,
0
L. (RW(O)/KC)

Vo (1+ai55%M

where J(3)=(1+4/5f 5+4/7,5 ?),

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

In the rodlike limit, L becomes the rod length when L/p

is small,fi are unity, and the functions F, W, and H can be calculated by tHe above

approximations.

For a polydisperse sample, the following provide representations of well-defined

averages of L:




Data on n'?(Ar) obtained in self-beating experiments can also be used to determine

a set of average coherence times of the form5

<7':‘S) >52A1{22rirj(yi+yj)_s}”s {1.23)

Thus, (r::)) is equal to the value A7, of Ar for the crossover of n? (A7) - 1 from
its limiting value f(A) at small Ar to the function f(A) Ar /A7 obtained at large Ar.

(s)

Values of <rh > with -s =1,2, etc. are calculated from the cumulants Ky of In

6"y given by (-1)7(y07! alnlg(”(f)llar, so that ,(r::”} =K;,1 and <~r::2)>
=[K2+k;1"]-,”2 in these expressions, q{2y) is taken to be unity. The latter averagé

coherence times may be put in the form
<ri sAr{Zry ) (1.24)

<& e (i3 y 2+ valSr y %172 (1.25)
11 191 .
1.2 EXPERIMENTAL

1.2.1 Materials

The polymer samples investigated were subjected to different post-polymerization
histories in addition to different methods of solution preparation. The monomers
were polymerized in PPA (polyphosphoric acid), isolated by precipitation into water,
dried, dissolved in MSA (methane sulfonic acid) and reprecipitated into water.

Polymers have been studied after polymerizafion as a PPA solution, and dried after
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each subsequent precitation. It was previously found the precipitation from MSA
causes the polymer to be more aggfegated. Poilymer solutions were also subject to
~a combination of precentrifugation, sénication, and in some cases heating. For a few
samples, the effect of added salt and the method of adding the salt were
investigated. For purposes of clarity, Table 18 and 17 contains a summary of

samples, sample composition, sam'ple preparation, and histories.

For all polymer samples, the solutions ;Nere examined before and after
centrifugation. The dynamic light scattering data were measured in the self-beating
mode at 5145 nm. The absolute intensity light scattering (AILS) were obtained at
514.5 nm or at 633 nm. Fluorescence and absorption' éorrections to the AILS data will

be discussed below.

1.2.2 Light Scattering Apparétus »

The light‘scattering apparatus |s shown schematically in Figure 2. It is equipped
with Birnboim Digital Correlation used as a data acquisition and processing system,
DAPS, by Science Research Systems of Troy (Model DAS 6). Other components
include an argon-ion laser with etalon (Lexel Model 85), a He-Ne laser (Spectra-
Physics Model 120), a photomultiplier with an S-2 photocathode (ITT, FW-130-RF)
photomultiplier, housing (Products for Research, Inc.) and a discriminator amplifier
. {SSR Instruments Co.) Optical components allow for beam alignment, rotation of the
incident beam (one-half wave plate), beam spreading for total intensity measurerrients,
transfer of an auxiliary Iight'beam to the photomultiplier with an optical 'fiber (Oriel
Corp., Model 7167), definitién of the scattering volume by slits SH and Sv'
collimation of the accepted raysvby pinhole P, selection of the wavelength of the
light imping'ing on the photomultiplier (by use of interference filters for fixed or
variable band pass, e.g., Oriel Corp., Model 7155, or fixed band rejection, to eliminate
light with wavelength of the incident beam); and an analyzer to select the polarization

of the scattered beam.




in the mode used here, the DAPS, which is based on a Texas Instrumenté 9808
computer, acquires pulses in each of 4,736 intervals of length Ar, with a deédtime of -
25 ns included in each interval; the number of pulses per interval can be large as

2", The full auto-correlation function G2 is computed over the primary data base

of 2'2

intervals to give a correlation with up to 512 points spaced at intervals of
A7r. Usually, a 64 point correlation was used in this work. The first point of a-
correlation can be shifted up to 128, After each acquisition cycle, the unnormalized

correlation G(Z) (kA7) and the mean-count rate are calculated as

(2) LI
G kA7) = —  Znn_ (1.26)
T i i itk
1 T
{n) = ( —_ X ni) (1.27)
T i=1 ' '
where T = 212

and k = 0,1,2,.. The acquisition and calculation cycle is repeated M

times, and averaged in the form

1 M
Pkary = — T 6% kar) (1.28)
M j=1 !

[

M
ny? = S oyl | (1.29)
J=

1
M i
and the unnormalized factorial moments are calculated over the data ba‘se‘of ™

intervals as

™




N = T (nin-1)..in-s+1)}, (1.30)
™ =1 . ' ‘
¢ny = N | O {1.31)

The distribution P(n,y) of photon pulses _per interval is also computed over the data
base of TM intervals. If Pln,y) is the same for each of the M data sets, then «n>?
and (N'")? are equal. If the Pin,y) differ {e.g., because of scattering 'dust’ in a few

of the M sets), then «<ny?y 2 (N(”)z.

{s)

Further data processing includes calculations of 9(2)(7) and n-. For the former

<<n>2> is used to give

g%kar) = G kariccmd® ; k>0 - (1.32)

g0 = - ~ (1.33)

it may be remarked that the use of <«<n>?> rather than (N2 or G(MZ)(oo) to normalize
G'?7) is not trivial for realistic data, owing to the effects of noise and drift, etc.
Values of 9(2)(7)- calculated with Eqn. (1.32) exhibit 'the‘ expected property that gm(oo)
tends to unity, even under conditions for which <<n>2> > (Nm)z. An estimate for K1
is calculated by least-squares fit of ln(g(Z)(f)-ﬂ versus r, using correlation points for
k 'fron‘w ‘1 .to 7. with the aléorithm i.n‘ use in the DAPS, the time Ar pef correlation
point required to compute G?Aar) is fixed (80 ms) for <n> larger than 2, but
decreases with increasing <n> for smaller <nd. ansequently, the efficiency

(1+C.At/212Ar)_1 varies with Ar, An and the number of correlation points C, but
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generally ranges from about 0.2 to nearly unity, with values  being" abbut',.:-'o‘.B or

greater for typical experiments.

The normalized factorial moments are calculated as

n(S) = N(S)/(N(1))S

'Rigorous expressions for the phot.on distribution function P(n.A-r) haVe only been
obtained for the limiting cases at Ar = 0 and at Ar = oo, where equations have been
derived for both self-beating and reference-beam metho'ds.“:"10 However, usually,
Pin;Ar) for ‘self-beating measurements at arbitrary sampling interval is closely given

by the approximate two parameter fun’ction.REF”

Tn+m) N> -=m m ~-n
PINAT) = e {1+ e ) (1 + ) (1.34)
niN{m) m <n>
m = [n@ar)-17"" | (1.35)
so that
(© I'm+s)
N s e (1.36)
I'(s)m® '

Examples of comparison of Eqn. (1.34) with experimental P(n,A7) are given in Figure
3 for several values of Arlrh. Distortion of P(n,Ar) by e‘xcessjve scattering during a
few of the sampling intervals can result in values of n(S)‘ (s 2 3) far larger than the
estimate given by Egn. (1.36) with m calculated from n(_Z), providing /a test for the

internal consistency of the data. Another test is provided by comparison 9(2)(0) with

11




n'".  These should be equal, but may differ if Pn,A7) varies substantially among the

M data sets.

Other sources of experimental errors should also be taken into account. The
experimental P(n,Ar) is truncated by the digital nature of experiments at photon

(s) (s)

number n_ such that TMND> P(nm;Ar) < 1. The experimental estimator n~ to n° is

given by

als) 'n(s)[1 - ( <n> )"n‘qy—.s*v1(nm -s+j>;+s- 1(___._T___)] (1.37)
m+<{n)» ' j j=0 m+<n>

using the approximate photon distribution function Eqgn. (1.34) (with integer m). The

photon number 7., is determined by

TM<n> Tm
<1 : (1.38)

(1+¢n>)' * m

for small A7, which is the only case for which the correction'is important.. Thus, the
correction terms in Eqn. (1.37) depend on <n> and M. They can be made sufficiently
smail for n(Z)

small <n).

When the average photon count rate <n) is small, contribution of dark counts from

the photomultiplier to n? (A7) and 9(2) (r) becomes significant. The experimental

estimators are given by

A2ari1 = [nar)-1101-534n? (ar)-1352 - (1.39)
§2(r)-1 = 1gPr1-1101-5)%+ 19 (71252 (1.40)
12

by setting the optimum conditions of davta'acquisition: e.g., large M or-



(2)
d

(2)

here
w n g

and g 'are the second factorial moment and correlation functions for dark .

counts, and § is the fraction of dark counts in fhe total counts regis{te‘re.d.-' Usually,
n(d"’)-1 and 922)-1 are not very large in the range of time scale. co}resp.onding to .
macromolecular diffusion. The cofrection terms. in Egns. (1.39) and 24, therefore, only
increase the experimental values of A ‘and §% to larger values, but do not affect
evaluation of <1'(h)>N or <-r(h)>G. On the other hand, distortions by dead time of
photomultiplier or computer become large at high counting rate of photohs. A

correction for this effect is already given in the literature. ' 2

The function f(A) is fixed by fhe detector optics. With the optical system used in
this study, f(A) is principally deterrﬁined by the pinhole P and is less dependent on
slits SH and SV. Pinholes from 100 to 1000 pm dia’metef are used. Typical data for
f(A) as a function of the pinhole diameter are given in Figure 4 along with a

theoretical estimate for f(A).12

1.2.3 Light Scattering Methods

In this study, all data were taken in the self-beating mode énd fn Vv mode
(vertically polarized incident and vertically polarized scattering ) at 514 nm. As
discussed above, estimations for g'>\r,Ar), 9‘2)(A7.A-r), and n*Mar) (s = 1-B) are
calculated for each data set as a function of scattering angle 6, usually over the
range 30-135 deg. In most cases, the number of M of post-autocorrelation averages

was adjusted so that the total number of photon counts TM<n> was about 10%,

In the absolute intensity experinﬁents, the incident beam is modulated by a rotary
chopper. This eliminates the count rate <n>D due to thermionic emission, room light,
electrical noise etc. The count rate <n>s of the scattered light is determined from
G2(r) of the modulated scattered light. Two types of rotary chopbers were
employed in these studies. The first consists of équal intervals of open and closedv
slots produces an incident beém with a square wave modutation. The count rate <n>s

determined from G2(r) which a triangular function with period 2-rs and peak-to-peak

13




amplitude Vz(f\)s? The slope an(r)/a 7=<n>52 /21rs determined in the range
2.57’2(7<3rs is used to»compute <n>s. The second type of rotary chopper employed
allowed the intensity of the incident beam to be m'onitored as well as the scattered
light. The resultant function Gz(r) ié no Ionge"r a simple triangular function but <n>i
can nonetheless be éalculated from‘Gz(-r)_. The count rate of‘the scattered light is
detérfninedl as the ratio Qf <n>sl<n>i‘. ‘Imperfections in the chopper, the finite
thickness of the scattering volume, etc. produce some rounding at the extremes of
the function G2(r) but these effects do not interfere in the evaluation of 3 G3r)3 ~

or <n> IKn>.
S ]

The DAPS provides for automatic écan througﬁ ¢ and A7 ranges to facilitate these
measurements.  The light scatfering ce[ls»are immersed in a fluid with refractive
index c‘lose to that of the scattefed fluid.‘ The immersion fluid is held in a
cylindrical cell with flat entrance and exit windows (Brice-Phoenix, cylindrica! light
scattering cell) using teflon rings at the top and bottom of the light scattering cell to
position it. The cylindrical cell is held in a concentric cylinder thermostat, with

incident and scattered rays passing through small (6 mm dia.) ports.

Absélute lntensity Light Scatteriné (AILS) experiments were performed with a digital
light s;atte}ing instrument with a Le>-<e‘l fnodel 85 laser tuned to the 514.5 nm line or
' wi-t‘hh a Spectrav-Physics model 120 Iase‘r at 632.8 nfn. The intensities of fhe scattered
and fluorescent light were rﬁ,easured as d.escrit’)ed above. The solutions were filtered
through fine or ultra-fine sintered glass filters or teflon filters (1-3um) into cells of
the Dandliker-Kraut design13, “The solutions were degassed once and immediately

flame sealed under vacuum (10'4.Torr).

The polymer solutions were all colored and absorbed light at the incident scattering
wavelength even though the absorbance maxima were 440 nm to 450 nm. The elastic
scattering of interest was isolated from the inelastic scattering (fluorescence) by

placing a filter with a narrow wavelength band (10 nm at half peak height) before the

14




detector. The determination of the fluorescence will be discussed below.. The

excess Rayleigh ratio was calculated from (for either RVV or RHV)
R(B) = k{xLUB) - 1'(6)1-1%(6))

where N#) sin 8 is the observed intensity at angle # with vertically polarized incident
and scattered light, 10 is the estimated fluorescence intensity at angle 8, I° is the
solvent intensity at 6=90° , and k is an instrument constant. The solvent -scattering
contribution to the Hv component was zero. The correction for the attenuation of the

scattered light is given by g
# = exp(0.2303 £ A, )

where A)‘ xsis a absorbance at the'incident wavelength in a 1 cm pathlength cell and

£ is the pathlength of scattering cell, estimated as 14 mm.

For molecules 'such as rods, helices, or any extended chain with an asymmetric
polarizability tensor, a depolarized scattering component can be observed. For
molecules ;/vith a significant amount of depolarized scattéring, both the polarized (Vv)
and depolarized (Hv) scattering components of AILS n;ust be measured to obtain
parameters such as the molecular weight and radius of gyration. The polarizer was
aligned by locating: the minimum scattered intensity from a working standard of a
low molecular weight (51,000 dalton)'polystyrene with a narrow molecular weight
distribution {Pressure Chemical Company) dissolved in either toluene or methyl ethyl
ketone (MEK). The polarization of the incident was then changed from H to V by
rotation of a 1/4 wave plate. The analyzer was aligned by locating the minimum
scattered intensity. from the polystyrene standard with the incident beam _vert‘ically‘

polarized. The depolarized component of AILS was then measured. The polarizer

15




which consists of a calcite prism was then rotated 90° to allow the detection of the

vertical component of light, fluorescent and scattered.

All polymer solutions studied were fluorescent over a large wavelength range which
included the wavelength of the scattered light. To ascertain the magnitude of the
fluorescence contribution to the intensi‘ty of the scattered Iight. an emission spectrum
was measur‘ed as 'a function of wavelength. A variable monochromator was placed
befo}e the detector and’ the intenéi;cy Wés .measured a a function of the
monochromator setting. The monochromator was calibrated by locating the maximum
scattered intensity from a working standard of polystyrene in methyl ethyl ketone at
several laser wavelengths with a narrow wavelength band filter in series. A typical
emission spectrum obtained in the Vv mode is shown in figure 5. The fluorescence
peak is extrapolated through the scattered light peak as indicated by the dotted line
in figure 5 The fluorescence contribution is related to the scattered light by the ratio
of intensities at a wavelength slightly removed from the scattered light to the
extrapolated value of the fluorescence at the scattering wavelength. >When the
excitation wavelength is 514 nm, a narrow band filter centered at 546 nm is used to
measufe the fluorescenée cqntribution. 1f the ’excitation wavelength is 633 nm, a
filfer centered at. 650 nm was used. The intensity measured at either 546 nm or 650
nm is rﬁulfiplied by the ratio obtained in the emission spectrum and subtracted from
the sca;tered intensity which was obtained by placiﬁg a nafrow »band filter be'fore the
déte‘ctor.i No gttemp't was .made td corfectvfor the wavelength dispérsion of the
monochromator,band filters or the wavelehgth dependence of detector. In a few
céées, ';heA ;‘Iubrescence contribution was ezétimated as the intensity measured with a

narrow band filter centered at 620 nm.

The emission spectra obtained in the Hv mode gave valuable information concerning
the presence of a detectable Hv component of the scattered light. In many cases,
the scattered light peak was absent or appeared as a small shoulder in the emission

spectra. In these cases, the Hv component of the scattered light was not measured.
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The reciprocal of the corrected Vv or Hv Rayleigh ratios were plotted as a-function

of sin’

012 and and extrapolated to Zero scattering angle. The square rooi of the
zero angle interc.epts were plotted separately as a function of concentration and
extrapolated to zero concentration. This procedure was used_ instead of the more
familiar Zimm plot since the second virial coefficient was often so large that a

linear concentration dependence could not be obtained over a larger concentration

range.
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1.3 RESULTS AND DISCUSSION

1.3.1 PBT-30 in -PPA/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

The PPA solution of PBT-30 was diluted in MSA to form a stock solution. To

facilitate dissolution, this was heated at 110°C for 1-2 hours prior to sonication.

The Vv scattering component from AILS of PBT-30 is charactérized‘ by a marked
deviation at low scattering angles from the linear dependence extrapolated from high
angles, both prior to and after centrifugation, as seen in fig 6a and 6b. This behavior
is indicative of aggregation, and indicates that this indicates the scatfering moieties
are large, but not large enough to sediment completely. The concentration

dependence of KcIRW(O) is shown in figure 7.

The Hv scattering component from AILS of PBT also exhibits a deviation at low
scattering angles from the linear dependence extrapolated from data at higher angles
in the two highest concentrations, both prior to and after centrifugation, as shown in
figure 8. Upon centrifugation, the angular dependence pf the Hv scattering component
becomes smaller. The concentration dependence for KclRHV(O) is shown in figure 9.
The experimental parameters are listed in Table 3. The experimental parameters are

listed in Table 3
DYNAMIC LIGHT SCATTERING
The results of the component analysis are presented in Figs. 10- 11 which give the

2 #12 for PBT as a function of concentration As the

weighting factors r. and -risin
concentration increases, the scattering contribution from the larger species increases.

This is true for the centrifuged and uncentrifuged samples.

If the various time constants correspond to a quasi-ternary system, the Vv
scattering may be separated into three components using the values for r in Figs.
10 and 11. The values of Kc/riRV(ﬁ) are plétted against_,sinzolz for the uncentrifuged
and centrifuged PBT in MSA in Figs. 12 and 13 and the concentration dependence is

shown in fig 14. The experimental parameters are listed in table 3
18




INTERPRETATION OF LIGHT SCATTERING DATA -
The weight average molecular weight MW from the Vv and "Hv' scattering dAata.‘
respectively can be calculated from the equati.ons 9 and 12. .The mean square radids
of gyration is calculated using equations 10 and‘ 13 and the Vv and Hv scattering
angular dependence respectively. These values are listed in Table 4. Comparing the
molecular weight obt_ained from the Vv and Hv scattering déta indicate that the PBT

6

sample is aggregated. In previous studies of rodlike molecules’ , it was found that

aggregation affected the results obtained from the Vv AILS component severely. The

value of (1+(4IS)52)MW reflected the mass of the aggregated species and the angular

Vv
dependence of Kc/RW(G) deviated markedly at low scattering angles from the linear

dependence extrapolated from the high scattéring ang'l'e data. Owing to the poor
orientational order of the molecular axes in the aggregate, the Hv AILS component
was not affected by the presence of aggregation and gave information on the single

chain in solution. Thus, the value of Mw and the mean square radius of gyration

,Hv
were those of the single chain regardiess of whether the chain was contained in an

aggregate or not. The value of § obtained f'rom RMVIRVv was generally smaller than
expected for a rodlike chain. This measure of § is small since the molecules in the
aggregates were spatially but not orientationally correlated. The avggr’egates were

postulated to be a 'brush-heap’ of the molecules.

The solutions of PBT-30 in PPA/MSA showed the characteristi‘_c's of other PBT
solutions described above. The value of RHVIRVV was smaller than expected (see table

TABLE).  Comparison of (1+(4/5)¢32)MW

2
Vv and § MW

Hy show that the sample is

aggregated.

If we postulate that the Hv AILS component is due to single rods, we can calculate

M L and LH using egns 9, (1.15),and (1.21) with the results listed in table 4.

w,Hv' TGHv
The value of LH is a factor of two larger than LG’Hv' If the Hv AILS component was

due to single rodlike molecules, LH and LGHV should be equal. The molecule weight

' from azMw with §=0.5

expected from LG'HV, calculated from M=LML=213 d nm Hy
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where M _is the mass per unit length,” is .1.1X10% which is 2-3 larger than obtained.
This difference could arise from aggregates which there is some degree of
orientational correlation among the molecular axes, resulting in a larger than expected

molecular wéight as measured by 52Mva.

'.Application of eqns (1.9) and (1.11) gives estimates for w2(14»(a'-115)62)MW’i and J;ARGJ.
If these are interpreted in _terms(of a rodlike molecule with §=0.5 (eg.,f1=f2=f3=1) then
the lengths entered in Table 4 are obtained (where the wi<1).- Since the lengths
estimated from RG'i correspond to a (LZ,LZHV" average whereas those from Mw’i, are
LW average, the former should exceed the latter. Failure to observe this condition
indicates that the assumed rodlike aggregates are several molecule.s wide, augmenting
Mw,i but not RG'i. This is consistent with comparison with data on L-_ =25 nm

computed from RH3 since L._.3 vary as a weight average.

If we assume the éggregates, can be represented as ellipsoids of revolution, then

the radius of gyration and the friction factor can be expressed as'®

=
N
"

(L2/5)1+2p,) | | (1.41)

(1-p?) /2
3n ysL———-—-——- F(p)
p

111}
1]

where p=L/ d

For a prolate ellipsoid (p>1) , | (1.42)
Fp) = In Lp+p2-1)"2)p-p?-1""217"

and for an oblate ellipsoid (p<1) - : . : (1.43)

F"(p) = arctan (1-p2)”2/ p
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If L is eliminated between the expressions for RG and Eo, the resultant function
EORG dvepends only on p. As shown in Fig.FIG97X the function is bifnodal s0 thaf for
most p, a given EORG may correspond to either an oblate and a prolate ellipsoid. In
order to differentiate between these models, more information is needed. Owing to

the asymmetric nature of the rodlike chains, we will assume a prolate ellipsoid is

formed by aggregation.

Component two after centrifugation can be modelled as a prolate ellipsoid of length
540 nm and a diameter of 5 nrh. Prior to centrifugation, the dimensions of the
prolate ellipsoid would correspond to an infinitely thin rod which is unreasonable
since component two is attributed to an aggregate structure many molecules thick.
This result implies .prior to centrifugation, component two must éontain a bt;oad
distribution of species in which the weighted averages, RG,Z' a z-type of average, anvd

RH o 8 weight type of average, give a RG.':' product which is too large.

The dimensions of the prolate ellipsoid of component three prior to and after
centrifugation are. essentially that of an infinitely thin rods of length 120 nm and 100

nm respectively.
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1.3.2 PBT-PBO (90/10} in PPA/MSA

ABSOLUTE INTENSITY LIGHT SCATTERING
The PPA solution of PBT-PBO (30/10) was diluted in MSA to form a stock solution.
In the in.itial expériments, this was not héated a.s bart of the preparation history (see
table 1)./\ The initial solutions of PBT—PBO (90/10) in PPA were prepated by dilution in
to MSA, followed by sonication fqr '1 hour and ‘centrifug.ation for 24 hours. A

portion of the centrifuged sample was used as a stock solution from which the light

scattering solutions were prepared.

The preliminary AILS results were surprising in that the angular dependence of
RVV(B) displayed a strong upward curvature with decreasing angle, which is

characteristic of aggregation, shown in fig 16.

A subsequent attempt was made to prepare solutions of PBT-PBO (90/10) and (75/25)
in PPA by dilution with MSA. Prior to sonication, the MSA solution was heated at
110°C for 1 hour, the sonication time was increased to 2 hours and the solution was

centrifuged 24 hours before light ‘scattering solutions were prepared.

The Vv scattering component of the AILS for PBT-PBO (90/10) copolymer has a
renﬁérkébly linear angular dependence with the exception of the highest concentration
as shown in figure 17a. Upon centrifugation, the angular dependence changes by 30%
.and' at low scattering angles there as a large deviation from the linear‘angular
dependence extrapolated from the data obtained at high scattering angles.as shown in
figure FIG34Ab. The second highest concentration (0.0385 g/dl) exhibits a different
angular dependence than the other concentrations. The concentration dependence of
KcIRW(ﬁ) is unusual in contrast to the behavior prior to centrifugatioﬁ. The
concentration dependenée of Kc/RW(O) is shown in figure 14. There is a I‘arge
increase in Kc/RW(O) upon centrifugation. Since MW is inversely proportional to
Kc/RW(O), aggregates with a high molecular weight have been removed by

sedimentation.




The angular dependence of the Hy component of AILS prior to i‘_.ar}d _a-ft‘erv
centrifugation is shown in figure 19a and 18b respebtively. The highest., coh.éve'r‘wtfatli-o‘n .
(0.0491- g/dl) exhibits an angular dependence ‘which is f‘diffgrent ithar;i the othet
concentrations. After centrifugation, the angular 'dependenc’e of the highest
concentration does not deviate from that of other concentrations. This sugéests a
more ordered aggregate at the highest concentration. The conéentration dependence of
Kc/RW(O) is shown in figure 20. In contrast to the change of the concentration
dependence of the Vv componhent, Kc/RHv(O) changes only by 10%. This implies the

aggregates by sedimentation are probably not more ordered than the supernatant.

The experimental parameters are listed in table 5

DYNAMIC LIGHT SCATTERING
The results of the component ahalysis are presented in Figs.21- 22, giving both the
weighting factors r. and T, sin’ §/2 as a function of concentration As the

concentration increases, the scattering

contribution from the larger species increases. This is true for both the centrifuged

and uncentrifuged samples.

If the various time constaqts correspond to a quasi-ternary system, the Vv
scattering r.nay be separated into three components using the values for F in Fiés.
21 and 22. The values of K_c/RWJ(B) are plotted against .;in26/2 for the uncentrifuged
and centrifuged PBT-PBO(90/10) in MSA in Figs. 23> and 24 and the concentration

dependence is shown in fig 256. The experimental parameters are listed in Table 5.

INTERPRETATION OF LIGHT SCATTERING DATA
It is clear from a comparison of RW(G) of the non-heat treated and the heat treated
samples of PBT-PBO (90/10) in PPA/MSA, that heating degra.des metastable
aggregates. From the angular dependence of the RW data on the heat treated sample,
it is apparent that aggregation persists even after the heat treatment. This is.a

somewhat discouraging result as it was hoped solutions prepared directly from PPA
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(avoiding the precipitation step knko'n‘ to brodyuce aggregation) would be the most
aggregaté-free samr.'.)lie‘s' possible. Thréiugﬁ the effect of heat treatment, a less
aggkegatéd ‘solution was prepared. | Per'haps a more 'molecular’ solution could be
prepéred if a solvent‘ with a lower ionic strength such as CSA was used or if the

sample was heated at a higher temp‘erature for a longer period of time.

As for the the PBT previously discussed, a comparison of (1+(4/5)62)MWW and

52MW'HV indicates that PBT-PBO (90/10) in PPA/MSA is aggregated. The previous
conclusions about the value of & and increased forward polarized scattering are also
valid for this system. If the Hv AILS component is considered to arise from a
single rodlike molecule, LG‘HV and LH c%n be calculated and the valueé are listed in
table 6. The value of LG'Hv is a factor of 2-3 smaller than LH. The molecular weight
corresponding to a rodlike molecule Witﬁ contour length 60 nm is ~ 1.3X10%  This

suggests the possibility of an aggrégate of 2-3 molecules orientationally correlated,

giving rise to enhanced Hv scattering.

As with the data on PBT-30 discussed above, the results for lengths computed for
the components using data on F(Gi and wiMWi indicate an overall rodlike structure
several chains in diameter, and somewhat longer than the true molecular. length (see

Table 6). The data on L. _ are surprisingly large in comparison with that on L2 W'

3

With the ellipsoid model discussedi above, compénent three can be modelléd as a
proiate ellipsoid. of length 120 nm and a diameter of 1 nm prvior to centringation,
and a length of 93 nm and a diameter of 8.5 nm after centrifugation. From the
previous of comparison of Lé'H and LF', Fhe possibility of an aggregate composed of

2-3 molecules arose. Component three could be an aggregate of this type.

Component two when modelled as a prolate ellipsoid has a length of 850 nm and a
diameter of less than 0.1 nm, ie. an infinitely thin rod. This is an unreasonable

estimate since component two is postulated to be an aggregated species, presumably
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several molecules thick. The discrepancy could arise from the weighted average of

R, and R.. If component two is a broad distribution of sjze’s-, 'the‘ﬁ' the length of a* "

prolate ellipsoid could be overestimated. However, this suggests the aggregate is

highly extended and asymmetric.
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1.3.3 PBT-PBO (75/25) in PPA/MSA .
ABSOLUTE INTENSITY LIGHT SCATTERING

Solutions were prepared following the procedure described for PBT-PBO (90/10). As
with that polymer, the RVV(H) data on the -solutions prepared without heat treatment
on the stock solution showed severe enhéncéd forward scattering, indicative of
substantial aggregation (see fig.FIG1001). The data described‘ below were obtained on

heat treated solutions following the procedure given above.

The angular dependence of the Vv scattering component for PBT-PBO (75/25) shown
in figure 27 is influenced greatly by the presence of aggregates at all but the lowest
concentration. The low angle scattering is greatly enhanced, deviating from the linear
angular dependence extrapolated from the data 6btained at high scattering angles. At
0.0102 g/dl, the predominance of the scattering from the aggregates can be seen by
the deviation of the high angle scattering data from the Ilinear dependence
extrapolated from the low angie scattering. If the linear dependence of Kc/RVv(G) was
extrapolated from the high angle scattering data, the intercepf KclRVv(O) would be
negative, an unphysical result. This implies the presence of an aggregate large

enough to exhibit strong intraparticle interference effects.

The concentration dependence of Kc/RVV(O) shown in figure 29, the highest
concentration 0.0499 g/dl deviates from the linear concentration dependence

extrapolated from the other concentrations.

Upon centrifugation, the Vv scattering component exhibits a deviation at low
scattering angles from the linear angular dependence extrapolated from the data
obtained at high scattering angles except the lowest concentration as shown'in figure
28. The lowest concentration exhibits an angular dependence similar to that prior to
centrifugation. The concentration dependence of KclRVV(O) is shown in figure 29. The
weight average molecular weight is listed in table 7. The root mean square radius of

gyration is concentration dependent as shown in figure 30 and listed in ‘table 7,

increasing with decreasing concentration.
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The angular dependence of the Hv scatte‘ringv component prior to and after
centrifugation is shown in figure 31 and FIG35D. The concentration dependence of
Kc/RHv(O) shown in figure 32 does not exﬁibit the expected concentration
independence. |If a mean square radius of gyration is calculated using 8|nRHV/85in2
8/2 at each concentration (listed in tabie 7 and'indicated by #%), the result is not
concentration independence ‘as shown in figure 33. The .mean square radius of
gyration increases with decreasing concentration except at 0.0102 gfdl with decreases

sharply after centrifugation. After centrifugation, R decreases with decreasing

G,Hv
concentration. This implies the guantity (52 Mva) is concentration dependent.

DYNAMIC LIGHT SCATTERING
The results of component analysis are presented in Figs.34- 35, gives the weighting
factors riand risin2 /2 for as a function of concentration . AsAthe concentration
increases, the scattering contribution from the larger species increases. This is true

for both the centrifuged and uncentrifuged samples.

If the various time constants correspond to a quasi-ternary system, the Vv
scattering may be separated into three components using the values for r. in Figs.

34 and 35. The values of Kc/RVv i(49) are

plotted against sin8/2 for the uncentrifuged and centrifuged PBT-PBO (75/25) in
MSA in Figs. 27 and 28 and the concentration dep‘endence- is shown in fig 31 and 37.

The experimental parameters are listed in Table 7,

INTERPRETATION OF LIGHT SCATTERING RESULTS
As distinct from the data on PBT-30 and PBT-PBO (90/10), for PBT-PBO (75/25) the
data on cIRHv(O) depend strongly on c. This implies that the state of aggregation
depends on c¢ since intermolecular correlation effects on RHV are unexpected.
Consequently, the data are“difficult to interpret. Comparison of JV‘RG'V with‘f3RG'H
extrapolated to infinite dilution reveals that the latter is over 10 times smaller than

the former, indicating severe effects of association characterized by spatial but

orientational correlation of the chain comprising the aggregates. The data on RH3
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correspond to a rod of length 30 nm, which may a reasonable . estimate for the

weight' évefage chain length. By comparison, RGH for the total samplie would

correspond to.a (L,L . )% of 45 nm.
z z+1
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1.3.4 PBT-7 and PBT-8
ABSOLUTE INTENSITY LIGHT SCATTERING

The effects of salt on articulated PBT copolymers .haQe been previously
investigated. Evidence for Ia;ge oriented supramolecular structures included intense Hv
scattering, versus nil without salt, and a change in the marked fluor‘e'scent‘:e upon the
addition of salt.  The analysis of ‘molecular’ ar;angement within a supramolecular
structure is complicated by the possibility of molecular conformational changes due
to the presence of the articulated comonomer. Studies of rodlike PBT with added
salt were initiated to remove this complication. Two PBT's were chosen to

in\)estigate the effect of aggregation with addition of salt. ' v

As shown in Fig. 39, the intensity of the Hv scattering increases but the intensity
of the fluorescence is not much affected Thus, as with the articulated copolymer, an

ordered supramolecular structure appears to be formed in the rodlike case also.

The dependence of the fluorescence on polymer concentrafion and ‘sal't for PBT-Q
and PBT-7 are shown in Figs. 40 and 41 respectively supports this postulate. The
fluorescence intensity is expected to vary with concentration "}according to the
‘relation

nfl

=,;K°c0(c)exp-(p|l+,;|,l')c - (1.44)
std

if the same species is assumed to be responsible for absorption and fluorescence:

Here n, and N are the photon count rates from the sample and a standard

fi d

respectively, primed and unprimed quantities refer to the emifted and incident light
respectively, p is the .extinction coefficient, | a pathlength, K% an apparent guantum
efficiency and Qlc) accounts for concentration dependent quenching or enhancement
of the fluorescence. The data in Fig. 41 show that for PBT 7 the Vv fluorescence
,uKois increased, and the rate of change of the fluorescence with concentration is
decreased by the addition of salt. The latter implies that addition of the salt results

in fluorescence enhancement that increases with increasing concentration; such an
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effect could result from increased tendency to form supramolecular structures with
increasing concentration in the presence of the salt. For the sample containing the
salt, the ratio of the Hv and the Vv fluorescence intensities is about 0.4,independent

of concentration.

The angular dependence of the Hv scattering obtained for the samples, PBT 7 and
PBT 8 with salt is shown in figures 42 and 44. The increase of [KcIRHv(O)]o’b

(Ke/R,, 113 sin?
Vv

6/2, which is equal to stG'HV listed in tables 8 and 9 respectively,of
the solutions with added salt is an indication of oriented supramolecular species.
The concentration dependence of the Hv scattering for PBT 7 and 8 with and without
added salt is shown in .Figs. 45 and 47. There are several interesting features to
the data. Firstly, eq.(1.12) indicates that [Kc:/F%HV(O)]0 is independent of concentration.
in the case of PBT 8 with salt, the centrifuged samples are nearly independent of
concentra{ion. However, the unckentrifuged samples of PBT 8 + salt and more
markedly, PBT 7+ salt show a large concentration dependence as shown in Figs.
45 and 108. The Hv intensity is much greater at the lower concentrations, for the

uncentr'ifuged and centrifuge‘d sar.‘nples, After centrifugation, the intensity decreases

but is stili larger than the samples without salt.

The angular dependence of the Vv scattering of PBT 7 and 8 with salt are not
independent of concentration as shown in Figs. 43, 45, 49 and 51. This combined
with the concentration dependence of the Hv ‘component could be attributed to the
formation of different s'peciés of supramdlecular aggregates with different degfees of
intermolecular orientation. The concentration dependence of PBT 7 and 8 with and
without salt are shown in Figs. 47 and 53. For the samples with salt, [dKc/
RVV(O)]/dc is smaller than without salt. This is the expected result with
polyelectrolytes, electrostatic .Vscreening ir;créases with increasing amounts of added
salt. The apparent molecular weight ‘obtained from [Kc/RW(O)Jo of PBT 7 and 8 with

salt is greater than without salt.
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The results calculated for each component of PBT 8 are given 'in"Tab_l‘_évé ‘and’ PBT 7
in Table 9. Meaningful intérpretaféén. of .the'své “lengths require the state "of
aggregation to be constant with concentration and the rodlike 'app'rox'imations are
valid. The uncentrifuged sampleé of PBT 7 and 8 appear to .ﬁontain different sizes
of aggregates at each concentration . This can be cleérly seen for PBT 7 in Figs.
49 and 51. chlRWt9/dsin2 BIZ is extremely concentration dependent, indicating that
the aggregates increase in size with increasing concentration. Interpretation of the
data will be discussed later. |

DYNAMIC LIGHT SCATTERING

The characteristics of dynamic blight sﬁattering, the autocorrelation function and
n'?-1 for PBT-7 and PBT-8 with added salt are that the lowest c‘or‘\centration solution
exhibits long timé correlation behavior while the highest concentration possesses
shorter correlation times as shown in figureé 49 - 56 for PBT-B and figures 57 for:
PBT-7. As can be seen in figure 56, the concentration dependence does not change
with centrifugation. The results of the component analysis, which are th_e
concentration dependences of r. and T, sin? 0/2 presented in figures 59-62. The

experimental parameters are listed in table 8 and 9 for PBT-8 and PBT-7 respectively.

The weighting factors r. were used to decompose the Rayleigh ratio into
components.. The angular dependence of [Kc/riRVv(ﬁ)] for PBT-8 are shown in figures
63-65 and for PBT-7 in figures 67-6S. The concentratior;. dependehce of [KclriRW(O)]
for PBT-8 and PBT-7 are shown in figures 125B and 70. The experimental parameters

are listed in table 8 and S.
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INTERPRETATION OF LIGHT. SCATTERING DATA FOR PBT-8 +SALT
It is important to note that added éalt cannot ~change the conformation of PBT since
the PBT molecule is fully extended. The optical anisotropy of a rodlike molecule

such as PBT must be at its maximum value.

As discussed above, the spatial .correlation of the optical 'components in the
scatterer dominates the RVV ~data, whereas RHV is domin_ated by the orientational
correlation of the components. In the preceding data was presented for which both
F(VV and RHV were augmented dramatically by the addition of salt for solutions 6f
PBT-7 ahd 8. This is unlike the results discussed above for PBT-30, PBT-PBO (90/10),
}and PBT-PBO (75/25) for which it was deduced that aggregation caused pronounced
effects on RVV but had much less effect on RHV. Similar conclusions were reached
for data on solutions of PBT-7 and PBT-8 in MSA. With PBT-7 and 8, it appears that
the addition of salt induces some enhanced RVV]scattering but relatively more RHV
scattering. If the aggregates deveioped on the addition of salt were comprised of
nearly parallel arrays of the rodlike chains, then the overall anisotropy &' computed
from [RHV(O)/RW(O)JO would be equal to the molecglar 5, or about 0.5. As shown in
Table 8, the observed values are only slightly smaller {(in distinct contrast with the
results repbrted above for PBT-30, or the PBT-PBO polymers). Apparently, ; the
addition of salt promotes the formation of aggregates with both spatial and

orientational correlation of the rodlike molecules. A more detailed analysis of the

scattering data follows.

With PBT-8, the Vv and Hv scattering for the uncentrifuged samples are essentially
independent of c¢ e*cept for the lowest concentration. On centrifugation, the small
angle Vv scattering is markedly reduced, but not much else happens to the scattering
data except for the sample with the the lowest ¢, see below. The solution with ¢)>
0.1 gL"1 contain a substantial fraction of structure in which the chains are both
spatially and orientationally correlated, along with a few large aggregates with poor

orientation correlation. On dilution to 0.1 gL-1, surprisingly both the Vv and Hv
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scattering are increased in an absolute sense!l Apparently the dilution creates well
ordered large structures, perhaps by agglomeration involving the polymer involved in
the few large aggregates at higher c. In the photon correlation data, the decrease of
¢ to 0.1 gL—1 is accompanied by the. appearance of a component with a very long

coherence time, as evidenced by the apparently small coherence factor.

The value of & computed from [F{f_w(o)/RW(o)‘]O for the PBT-8 with added salt is
about 0.2, lower than the value of 0.5 expecte.d for the PBT-8 molecule, or the value
. of 0.3 observed dire'ctly') from [R’_‘V(O)/RW(O).]o for PBT-8 in MSA (including the effects
of some aggregaiion for the Iatfer). Thus,‘the aggregates exhibit appreciable but not
complete orientational correlation of the rodlike axes. Comparisonvof fQRG,H for the
samples with and without salt give similar result, ca. 20-25 nm, whereas for the

centrifuged sample BZMW is increased about 3-fold on addition of salt, as is

H

2
(1+(4/85) 6 )MW'V.

The effects of sa.lt induced aggregafion of PBT-8 can be seen‘clearly from the
comparison of (1+(4/5)52)Mw,v for the uncentrifuged sampie with salt'to PBT-8 without
salt. Although § for the overall structures are not the same for the PBT-8 with and
without salt, the error in the estimate of the increase in MW arising by a comparison

of (1+(4/5)52)Mw is at most a factor of two. If & were equal for PBT-8 with and

aY
without salt, PBT-8 with salt contains ~ 25-fold more mass than PBT-8 without salt,
or that the aggregate may contain about 50 molecules. By contrast, the quantity
BzMwH for the PBT-8 + salt is about 10-fold larger for the solution with salt than for

that without salt. To a reasonable approximation, one might write

2

[562M I~ (3<cos? g>-1v(52M)

wAGGREGATE MOLECULE

where v is the number of molecules per aggregate with <cos2 ¢> calculated for the
angle ¢/2 of the molecular axis with a preferred direction. Thus, if v &50 , one
finds <cos? ¢> corresponds to ¢/2 of 25 °. This is not different for the case

without salt for which v ~ 2-3.
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1/2R

GV for the uncentrifuged PBT-8+salt with that for PBT-8 without

Comparison of J

salt suggests that the aggregate is highly extended.

Using eqns.(1.42),}_ Component 1, the largest aggregate species can be modelled as a
" prolate ellipsoid with length 800 nm and diameter 18 nm. This suggests the
molecules have agg_regated into an extended array, many molecules long, with only
partial orientation of the axes of the molecules aloﬁg’ the long axis of the aggregate

on the average.

If component two for the centrifuged and uncentrifuged PBT-8 + salt sample is also
modelled as a prolate’ ellipsbid then the major and minor diamete.rs are ~ 130 nm
and 20-50 nm, respectively. The major diameter is larger than L'G of PBT-8 without
salt. Component two.apparently also corresponds to an extended aggregate with the

molecules somewhat in a parallel array.

Component three corresponds to a moiety with a length L__ -of 15 and 9 nm for
the uncentrifuged and centrifuged samples respectively using a rodlike model. This
component probably represents the smaller molecularly dispersed components of the

overall molecular weight distribution of the sample.
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INTERPRETATION OF LIGHT SCATTERING DATA FOR PBT-7+SALT

For the data on PBT-7, O KcIRVvl 8:-;‘in2

62/2 decrease appreciably with decreasing
concentration indicating that the scattering entities become smaller as ¢ decreases.
In addition, KclRHV(O) decreases with decreasing c¢. Since interparticle -interference

effects are unexpected, the latter means that 62MwH increases with decreasing c! At

the same time, f_R is about independent of c. According to the component

3 'GH
analysis, these solutions contain appreciable fractions of very large (large riqz)

moieties and the fraction of the moiety tends to decrease with decreasing ¢,

resulting in an enhanced fraction of a scatterer with smaller r‘iqz.

When the uncentrifuged Vv AILS data of PBT-7+salt shown in figure 49 s
represented in a Gunier plot, the non-paraliel Kc/RvV(O) versus sin2 612 become
parallel in the Gunier representation. This suggests the presence of large
nonpenetrable asymmetric aggregates possibly exhibiting interparticle interference

effects. The quantities JV2R and (1+(4/5)62)va should be calculated from the

GV
small angle scattering data, not the high angle scattering data which neglects the
aggregated species or particle interference effects. This aggregated species is
precisely the species of interest. The apparent J”zRGV~ and'(1+(4/5)52)Mw.V. are

enormous ((.1+(4/5)52)MW ~ 107 d ). The Hv scattered intensity is larger than PBT-7

AY
without salt.

After centrifugation, a Gunier representation of Kc/RW(G) of the data shown in figure
113 versus sin2 6/2 also are parallel with respect to concentratioh. At high
scattering angles Kc/RW(H) for the centrifuged and uncentrifuged samples almost
coincide. The decreased scattered intensity at small angles as well as a decrease in
the longest <ri>q2 indicate large aggregates have been removed by sedimentation. If
Kc/RH‘v(B) for PBT-7+salt is also represented in a Gunier graph, it is apparent that
RHlec decreases slight at 0.025 and 0.039 g/dl, more at 0.012 g/dl and significantly at

0.49 g/d! upon centrifugation. It was found RHV/Kc ~ RVV/Kc for the centrifuged
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sample, suggesting § for the scattering moiety is a constant while MW is changing.
The quantity RVv/Kc is not as sensitive to. the value of § as RHV/Kc (
. 2 ) 2 . . . . ..

ie.1+(4/5)5 )Mw,v~ S MW'H) SO MW is probably changing while & is high and constant.
This interpretation could account for the apparent concentration dependence of

<2 -1
Kc/RHV(O)~(5 Mw,H(o» .

The 'observed behavior can be-understood in terms of the dissolution of large
aggregates with spatial but not orientatidnal correlation among the molecules in the
structure, with simultaneous formation of dimensionally smaller structures with
spatial and’ enhanced orientationally disorganized aggregates, but the resultant
solvated specie either added to already present structures with better orientational
organization, or form new such enfities. Not unexpectedly, much of these very large
structures are lost upon centrifugation. However, the data still show the presence of

large structures with more or less the same qualitative behavior.
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1.3.5 SPBT-38/MSA
ABSOLUTE INTENSITY LIGHT SCATTE_RING.
SPBT-38/MSA showed no detectable Hv light scattering'peék in the emission
spectrum using either a 514 nm or .633 nm wavélength excitation as shown in figure
FIGIF. The Vv component of AILS w:;s measured using the 514 nm wavelength for

convenience.

The angular dependence of Kc/RVV(B) after centrifugation is small, except at the
highest concentration as shown in figure 72. The concentration dependence of
Ke/R,, (0} is shown in figure 73 . Using equations (1.9),(1.10), and (1.11) the calculated

Mw,of ~10° and radius of gyration listed in Table 10,

Prior to centrifugation, there is a more pronounced deviation 6f Kc/RW(O) at low
anglés from the linear anghlar dependence extrapolated from high scattering angles as
shown in figure FIG98. The radius of gyration listed in t>able 10 ihcre_ases slightly as
does the apparent molecular weight also listed in table 10 e*trapolated to zero
concentration from dependence of KcIRVv(O) shown in figure 73.

DYNAMIC LIGHT SCATTERING

A typical correlation function 9(2)(1.Ar) for these samples is a funct.i.on. of sin® 812
as shown ih Fig. 74 indicating a wide range of r. At small angles, 9(2)(7,Ar) decays
very slowly, indicating the presence of an extremely large particle moving slowly.
The behavior of these materials is dependent on concentration. The behavior can also
be seen in nm-1 shown in figure 75 This concentration dependence doeé not change
upon centrifugation for all systems studied. The resulté of the compon‘ent analysis
are presenfed in Figs.76- FIG1J. The weighting factors T and time constants risin2
812 are shoWn for SPBT-38 as a function of concentration. As the concentration

increases, the scattering contribution from the larger species increases. This is true

for the centrifuged and uncentrifuged samples.

Using equations 10 and 11, the Vv AILS data of SPBT 38/MSA can be decomposed
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into relative contributions to the intensity using the weighting factors obtained by
analysis of the photon correlation data. There Wére only two components present in
| this system, the longest time cénstant attributed to component one is absent. The
angular dependence of two and three are shown in fig 77. Upon centrifugation, large
aggregates were removed as seen by the change in the scattering curves. The
remaining components diffused so rapidly that, photon correlation data were collected
at 15.0° C instead of the normal 25.0° C. Decreasing thé.temperature has the effect
of increasing solvent viscosity making data collection on the slower movin‘g species
possible. " Data on‘ the faster diffusing species were unreliable. The angular
dependence of the slower species is shown iﬁ fig 78. The best estimate for
éomponent three come from the uncentrifuged Vv AILS data. The concentration
dependence of the [Kc/riRvV(B)] are shown in figure 79.
INTERPRETATION OF LIGHT SCATTERING DATA

The values of MW and RG'VV listed in Table 10 are biased by negiect of scattering
at small angles;less so in the case of the centrifuged sample. =  The values of RG'Vv

and MW are consistent with a coil-like conformation for the chain, (remembering that

molecular weight dispersion enhances RGW.

As a useful approximation, we rﬁay consider a SPBT chain as comprised of N
segments with average length <1’.>i made up of. the PBT type monomers and n-1
' segmeﬁts of length .€2=0.44 nm made up of the bipyridyl rﬁoities that break up the
rodlike istructures. These "a.re connected to form fixed bond angles »-a of 2#r/3
radians. The average length <£’_>'1 ~ L/In where LI is the contour length of the 2n-1
segments in the chain. For a frgely-rotating chain with fixed bond angles »-¢ and

alternating bonds of length 11 and 22 (n bonds of length £1 and n-1 of length 1.2).

(2n-1) 1+4q 208 -£.)?
RGZ= - 12 (qqu):l (1.45)

w202
12 12 1-q (Lf)

with gq= cos «. For the SPBT structures, ‘L=M/ML with the mass per unit contour
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length ML equa! to 213 d nm The average number n-1 of articulated monomers per

-
chain is given by xM/ma, where x is the fraction of the articulated monomer. With
the assumption of random placement, this produces n straight chain sequences of
PBT of average length !_1. The total contour length L=n£1 + (n-1)£2. For SPBT-38,
x=0.05, n=16 and d)1 = 23 nm so that,n<£>12/6 = 1350 nmZ. T"he term in square
brackets is equal to 1.58 for <4€>1 > 1,2, is found to be 1.54, to that R, = 45 nm in
comparison with the reported value of 25-30 nm. The differences may be within
experimental error and the crude approximation used to calculate RG. The disparity
could be also indicate that the chains are aggregated to form an irregular structure
somewhat similar to a randomly branched molecule so that MW is larger than is

expected for the measured RG. The decrease of MW and RG on centrifugation is

consistent with this proposal.

The factors r. permit estimates of the quantity wiMw’i, where A is the weight
fraction of the component with molecular weight MW'i and weight féctor Fe Unless
w, is known, the MW'i cannot be determined. On the other hand, RG.i can be
estimated from the plots of t:lRWri as dis;ussed above and in reference 5. The data
on the centrifuged sample shown that R., and R, are in reasonable accord for the
behavior expected with coil-like chains, eg., with eqn 33 using the coil-like limit for

H.
R~ 2RG/3

so that the ratio of RH2 to R 2 given in table10 for the centrifuged solutions of

G
SPBT-38 is consistent with a coil-like structure. On the other hand, the values

reported for RGZ correspond to a MW of about 3Xx10% using the model described

2

above, whereas szW is found to be 84 X104. This may indiéate a degree of

2
association in excess of 3 for. the centrifuged sample. The smaller RH3 apparently

corresponds to lower MW components of the chain length distribution.
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For the uncentrifuged sample, RH2 is’ far in excess of R estimated using the F{i

G.2
for the sample. According to eqgns. 32-33, RH/RG is expected to vary from 2/3 for a

coil-like structure to {(12)%7a)d/)"’®

~ 173 for a rodlike structure. The data on RH2
and RGz for the uncentrifuged polymer may indicate the presence of a larger

aggregate with a complex, but not rodlike structure.

In the treatment of the data to obtain Mww, the scattering at small angles is

neglected— the true Mw, including all aggregates, is greater than that reported in

table--. For this reason, the values of w_M and w_M {with w_+w_=1) do not
_ 2 w2 3"w.3 273
necessarily sum to give M . Since w_ is unknown, that data on w_M and w_M
w 2 2 w2 3 w3
cannot be used to estimate M or M _. Data on R can, however, be used to
w,2 w,3 G.2

estimate an apparent molecular weight using the expression given above for RG' with
‘the result 3X10% for the centrifuged sample. This would suggest that the polymer
remaining in the centrifuged sample is aggregated to about trimers on the average, in
comparison with Mw.z.
=8.4X10* (since w, < 1.

which is at least as large as the entered value Wzsz

We conclude that prior to centrifugation, the solution contains large aggregates
possibly comprised of randomly branched-like structures, together with some nearly
completely dissociated chains. On centrifugation, the larger aggregates are lost,

leaving a population of chains with a coil-like structure and some association.
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1.3.6 SPBT-36/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

The Vv component of AILS for SPBT-36/MSA prior to centrifugation -exhibits a large
angular dependence except at the lowest concentration as shown in figure 80a. Thé
scattering intensity at Jow angles deviate markedly from the linear ahgular
dependence extrapolated from the high angie ‘data except at the lowest concentration.
Upon centrifugation, there is a factor of five change in the angular dependence of
the scattered intensity shown in figure 80b. The concentra_tion dependence of

KclRVV(O) is shown in figure 81. The apparent MW and J”zR are listed in table 11

G

The intensity of the Hv scattering component was small, making accurate
measurements difficult. The fluorescence intensity used to correct the scattering
intensity was measured at 650 nm for the Vv component but the Hv intensity was
difficult to measure. The magnitude of the fluorescence correction was determined
by subtracting a fraction (the ratio of the Vv fluorescence at 650 nm to the total Vv
fluorescence) of the total Hv fluorescence intensity measured. The results prior to
and after centrifugation are shown in figure 82a and b respectively. There is a large
decrease in the Hv scattered intensity after centrifugation, suggesting the sedimented
aggregates were more ordered than the supernatant. The angular dependence of the
Hv scatteréd intensity decreases by a factor two, also indicating the ordered
segments in the aggregate were large. The concentration dependence of KcIRHV(O) is

shown in figure 83,

DYNAMIC LIGHT SCATTERING
As was found for SPBT-38/MSA, the autocorrelation function deviated significantly
from the single exponential behavior expected for monodisperse solutes. The auto
correlation functions were decomposed using equation 1.7. The results for a quasi-
binary component system are shown in figure 84 and 85. The experimental results

are listed in table 11.
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INTERPRETATION OF LIGHT SCATTERING DATA
The principal difference between'the scattering for SPBT-36 and that for SPBT-38
discussed above is the a;;pearance of strong Hv scattering-- the intensity of the Hv
scattering is seen to decrease markedly 6n centrifugation. Since x=0.1 for SPBT-36
and 0.05 for SPBT-38, it is not reasonable to attribute the increased Hv scattering for

SPBT-36 to molecular rodlike structures.

If it is asslumed that the Hv scattering arises from essentially rodlike entities, RG.HV
can be determined without a value for the molecular anisotropy ¢ with the resuit
given in Table11l. It is seen that RG'HV is decreased markedly on centrifugation
indicating partial removal of large rodlike aggregates. Very likely, these comprise

only a small fraction of the material, so that the concentration necessary to properly

interpret the Hv data is unknown.

For the centrifuged sample, the Hv scattering is very small, so that presumably the
Vv scéttering reflects the properties of the coil-like moities. The ratio of RH'2 to
RG'VV is similar to that expected for a coil-like molecule. With eqn. (1.45) and x=.01,
the data for MW'VV {calculated with §=0) correspond to a RG of 16 nm , by
comparison with the observed value of 50 nm. The discrepancy may be attributed to
molecular weight heterogeneity or residual aggregation. In either case, a coil-like

. conformer is indicated for the dissociated chain.
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1.3.7 SPBT-7/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

The scattering intensity of the Vv component of AILS of SPBT-7/MSA is much
greater prior to sample centrifugation. After centrifugation, the Vv sc;aftered
intensity decreases by a factor.of 2-5 as shown in figl.86. Thé an.gul‘ar dependence of
Kc/RVV(G) prior to centrifugation is large and although the magnitude of the angular
dependence is smaller at the lowest concentration. =~ At low scattering angles, for
0.0266 and 0.0378 g/dl, KcIRVV(H) deviates greatly frém the lihear angular depéndence
extrapolated from data obtained at the high scattering angles. This. indica;es the
presence of large aggregates contributing to the forward scattering and tﬁat the"
degree of aggregation is concentration dependent. The concentration dependence of

Kc/RVV(O) is shown in figure87.

After centrifugation, the low angle scattering does not deviate appreciably from the
linear angular dependence of Kc/RVV(B) extrapolated from the data at high scattering
angles except for the highest concentration. The decrease in intensity, the magnitude

2 612 and the presenc'e of increased low éhgle-forward scattering

of dKc/R , (8)/dsin
Vv
indicate large aggregates have been removed by sedimentation. The concentration
dependence of Kc/RW(O) is shown in figure 87. It is interesting to note [.Kc/RW(O')]°
are the sc;sme for the sample prior to and after centrifugation although the

concentration dependence of KclRW(O) are different.

The Hv scattering component of AILS was measurable but not reliably enough to be

useful. The experimental parameters are listed in table 12,

DYNAMIC LIGHT SCATTERING

Prior to centrifugation, the contribution of r_ extended to relatively large scattering

1
angles (90°) in contrast to other samples where the contribution of r, was confined
to ’angles less than or equal to 60° as shown in figure 88. This parallels the low
scattering angle deviation from the linear - angular dependence of Kc/RVV(G)

extrapolated from high scattering angles. After centrifugation ,the angular

contribution of r decreases to 60° as T, sin 2 8/2 is shown in figure 8.
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INTERPRETATION OF LIGHT SCATTERING DATA

The values of MW and RGVV for the'uncentrifuged sample indicate an very large

Vv
entity. Since these values reduce drasticavlly on centrifugation, this is believed to be
aggregéted polymer. For the centrifuged polymer (assuming negligible change in c),
MW'VV corfespbnds to an RG =24 nm by the use of the expression given above
(n=39,<l>1=8 nm). This is in reasonable accord with the reported value of 110 nm
(considering the effects of pélydispersity and experimental error), so that the value
of MW=6.8 x10% appears to a satisfa‘\ctory estimate, indicating a large degree of
aggregation ip the uncentrifuged m‘aterial.‘ The near lack of substantial Hv scatteringJ
indicate that the aggregates are not wYeII organized. However, comparison of RH.Z
with RG,2 ~ 1.4 RH'2 indicate severe departure from coil-like behavior. The large

aggregates may have some overall rodlike configuration, leading to the observed

ratio RH'ZIRG'2 and minimal Hv scattering.
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1.3.8 SPBT-12/MSA |
'ABSOLUTE INTENSITY LIGHT SCATTERING

There were several experimental difficulties in the investigation of this polymer.
The first, a very srr;all Hv scattering was obtained, but With poor precision. A
second problem involves the'absbrpfion §f the laser light in the measurement of the
diffusion constant. At 514 nm, the solution absorbed so étrongly that heating effects
could not bz_a avoided so that dyn'amic data were not collected. To minimize this
difficulty, a krypton ion laser line (647 nm) was used. - However, the intensity of
scattered light is inversely proportional to the fourth power of the incident

wavelength and the solution did not scatter enough light to be reliably detected.

A remarkable feature of the Vv componeﬁt of AILS data is a lack of increased
scattered intensity at low angles (except for one concentration)as shown in figure
92 for the sample prior to and after centrifugation. The quantity d[Kc/RVV(G)]/dsin2
612 is listed in table 13. The effect of centrifugation on the ang'ula‘r dependence is
dramatic although there was no significant increase in the low angle scattering. This
indicates a large coil or glbbular aggregate which dominates the scattered light.
Upon centrifugation, the radius of gyration decreases by a factor of two. The'
concentration dependence is shown in figure 93. The molecular weight obtained by
using the .equation for a coil like molecule are listed in table 13. Upon

centrifugation, MW decreases by a factor of two.
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INTERPRETATION OF LIGHT SCATTERING DATA
The values of MW and RGV are listed in table 13. The small Hv AILS scattering and
values of RGV and va are consistent with a coil-like conformation for the chain,

(remembering that molecular weight dispersion enhances Rsv

Using the previously discussed model of a freely-rotating chain, RG can be

calculated. For the centrifuged sample using <£1> = 5.7 nm, <£2)=0.44 nm and n=59.6,

RG ~ 22nm in comparison to the reported value of 30nm. The calculated value of R

agrees well with the experimental value considering the crude model used and the

G

experimental error involved.

For the centrifuged sample, using <£1>=5.8 nm, <£2>=0.44 nm and n=106.3, RG ~ 29
nm in compar'ison to the experimental value of 60 nm. The disparity could be due to
molecules which are not highly packed in an aggregate giving the appearance of a

highly expanded chain.

46




1.3.9 SPBT-38/MSA+salt

SPBT-38 was studied as a function of salt concentration and method of pr.eparation‘.

As indicated in table 18, SPBT-38 was dissolved in MSA, then a salt solution was .
added (indicated by (p§+s)) or dissolved.in a salt solution (ps+s). The data wili be

discussed 'in terms of the concentration dependence of the Hv componeﬁt of the

absolute intensity light scattering (AILS) and the time constants obtained by dynémic

light scattering. These data are cﬁaracterized by the intenée Hv scattering' abéent in’
the MSA solution, see figure 94, a large radius of gyratioh, ‘and concentration

dependeht time constants.
ABSOLUTE INTENSITY LIGHT SCATTERING

The Vv component of the absolute intensity( light scattering from SPBT 38+ 1N salt
(ps+s) exhibité a large downward curvature from the data extrapolated from high
angles indicating the presence of large aggregates Upon centrifugation, the aggregates
contributing a large ‘part of the scattered intensity have been lost at all
concentrations except 0.0129 g/dl as shown in figure 95. The scattered intensity has
decreased by a factor of 2-4. The downward curvature of RVV(H) with sin? /2 ibs
less severe. The angular dependence is a factor of 2 less than that for the

uncentrifuged species, see fig 95. The concentration dependence is shown in fig 96.

The angul.:ar dependence of the Hv component are shown in fig 97. Prior to
centrifugation, the angular dependence and scattered intensities are large. Evider;tly;
the sedimented aggregates are extremely large and ordered, since the Hv scattered
intensity decreases by a factor of 3 after centrifugation. The concentration
dependence is shown in fig 98. From equations 10 and 13, MW from the
~ concentration dependences of the Hv and Vv scattering are calculated. Using
equations 11 and 14 the radius of gyration is calculated from the angular dependence

of the Hv and Vv scattering. These quantities are listed in tabie 14.

The intensity and angular dependence of the Vv component of the scattered light of

the solution containing added salt (ps+s) is greater than for the MSA solution, as

47



seen by comparison of figures 72 and 95. The concentration dependence of the Vv
scattering is shown in figure 96 The MW calculated from the data for the MSA
solution, along with the radius of 'gyration , are listed in table 10. The value
obtained for MW for the solutions with and without salt prior to centrifugation are
approximately the same, even though the dependence on concentration differs. The
apparent radius of gyration is greater in the salt solution than in the MSA solution.
Additional information on the radius of gyration and molecular weight obtained from
the Hv scattering are given in table 14. Substantial Hv scattering indicates that the4
sample is ordered. The addition of salt has brought about a transition from a coil
like structure in MSA to a more rodlike conformation. The second virial coefficient
is small to zero for the céntrifuged salt solution. After centrifugation,- the value of
MW calculatéd from the Vv scattering for the salt solutioh is a factor of 2 less than
that for the MSA solution. This may indicate that higher molecular weight

components were removed by centrifugation of the salt containing solution.

Data on the SPBT-38+1 N salt (p+ss) system exhibits some -curvature of the Vv
component as a function of angle but n‘ot as severe as is obtained with the ps+s
system as seen in fig. 99. Upon centrifugation, the intensity decreases slightly. A
more dramatic change occurs in the angular dependence and concentration
dependence, as shown in fig 100, The angular dependence give a mean square radius
of gyratibn decreased by a factor by 2 after centrifugation; whereas A2 becomes 0.
The angular dependence and intensity of the Hv compone-nt of the AI»LS do not
change upon centrifugation {(except for the 0.0500 g/dl solution) as shown in fig 101
The observation that the Hv scattering was little affected by centrifugation .indicates
that the substantial effects on the Vv scattering induced by centrifugation reflect a
small fraction of the polymer. The concentration dependence is shown in fig 102.
The experimental quantities are listed in table 15. The comparisons between data on

the SPBT 38+1 N salt (ps+s) and the MSA solution are also true for the p+ss sample.

The value of MW determined from the Vv scattering for the p+ss system is twice
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as large as that .with ps+s system both before and after centrifugation. MW
determined from the Hyv scéttéring is larger for ps+s Ibefore centrifugation and
comparable after. Whether before or after centrifugation, the Vv data g"ive larger
apparent MW but comparable apparent RG for the p+ss system aé compared to the
ps+s system. The Hv scattering gives larger apparent RG for the ps+s prior to

centrifugation and for the p+ss system apparent RG is larger after. “Since RG is

relatively insensitive to the - diameter of the suspected rodlike supramolecular

aggregates, the apparent comparable RG but different apparent Mw value for the Vv
scattering may indicate different diameters of the aggregates in the ps+s and p+ss

systems.

The Vv scattering component for the SPBT 38 + 0.561N salt (p+ss) system is
characterized by the absence of the downward curvature at small angles. Prior to
centrifugation, the angular dependence for the three highest concentrations is large
while the lowest concentration exhibits a smaller angular dependence, as shown in fig
103. This indicates the formation of distinctly different species at the lowest
concentration is different, indicating distinct species at each concentration. The
concentration dependence of J’-/ZRG'W is shown in fig 104. ‘The formation of
different species with different molecular weights and RG.Vv with concentration may
give rise to A2 not equal zero , as seen fn the concéntration dependence jn fig 105.
All other solutions after centrifugation ha\)e'A2=0. The Hv component for SPBT 38+
0.5N salt (p+ss) prior to centrifugation has large downward curvature from data
extrapolated from higher angles for all but the ‘highest concentration as shown in fig
106. This is unusual for the Hv scattering, especially since this behavior was abseni
from the Vv component The Hv data indicate the presence of a small fraction of
large and well oriented supramolecular aggregate. The curvature observed could
result if these aggregates preferentially contained the highest molecular weight

components of the sample. Upon centrifugation, the Hv angular dependence changes

drastically such that it is less intense by a factor of three with an angular
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dependence that does not depend on concentration, as shown in fig 106. The large
well-oriented aggregates are removed on centrifugation. The concentration
dependence of the angular dependence shown in fig 107 is consistent with the Vv

scattering.

The parameter [KcIRHV(O)] is expected to be independent of ¢ and was so for most
of the data obtained here. In séme cases (indicated by #*# in Table 15 ) [Kc/RHv(O)]
decreased with decreasing c, as though the supramolecular structure varied with c. In

these cases, f3IRG was calculated from 9 In RHVIS sin2 #/2 at each c.

The SPBT 38 + 0.53N salt system (ps+s) exhibited the same characteristics of the
integrated intensity light scattering as the +0.561N system (p+ss) with the exception
of the concentration dependence of the Hv scattering. The concentration dependence
of the Hv  scattering was not independent of concentration before or after
centrifugation. The data for this system is shown in figs 108-111. The experimental

parameters are listed intable 15
DYNAMIC LIGHT SCATTERING
For the systems with added salt, the lowest concentration sample exhibits long time

correlation behavior as shown in n(Z)

-1 in Figs. 112a , while the highest concentration
possesses shorter correlation times shown in Figs. 112b. For all systems with added
salt except ps+s with 0.5N salt, the highest concentration exhibits the longer time
behavior as shown in Figs. 113. This concentration dependence does not change with
centrifugation for all systems studied. The results of the component analysis are
presented in figures 114 - 121. The weighting factors r. and risin2 f12 are also
shown as a function of concentration. As the concentration increases, the scattering

contribution from the larger species increases. This is trug for the centrifuged and

uncentrifuged samples.

Analysis on the SPBT-38 systems with added salt was attempted to resolve the

Rayleigh ratio into components‘ with little success. The analysis assumes [Kc/RVV(O)]
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can be resolved as weighted‘.comributions to the Rayleigh ratio'using(the bulk
concentration as a resonable approximation for ;he concentr'ét-ion of each component.
In the systems With adg:led éait,'estimates of tﬁe concentration of each component
are required to obtain}.meahingful results. It fs ﬁot possible to estimate the

concentration of each component without additional sources of information.
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Interpretaﬁoh o; Lfght'écattering Data
It was concluded above that SPBT-38 was somewhat aggrégated in methane sulfonic
acid--negligible Hv scattering revéaled'that the rodlike subunits of the molecule have
little orientational correlation in the aggreg‘ate. When the ;alt is added to these
solution (either 0.5 or 1N) a modestr enhancement in the forward scattering is
obtained, the Hv scattering is increased markedly and thg values of the Tiﬁzvs-ére
decreased somewhat. The Hv scattering remains after centrifugation but the enhanced
forward scattering is lost. This behavior can be understood as a collapse of the
disordered aggregates in MSA t'o a more hi.ghly ordered, and somewhat more dense,
state together with the formation of a few larger agglomerates of the aiready
existing aggregates. Since RG is not much increased, and RH appeérs to decrease, the
articulated chains cannot be considered to be extended into fully rodlike conformers
in the presence of salt. Rather, it appears that a supramolecular' structure has the
rodlike chain elements folded into a domain in which they pack with a substantial
degree of parallelism. When the polymer is dissolved directly into the slat solution,.
essentially the same behavior is observed, except that the enhancement of the
forward scattering is diminished. The Hv scattering is very similar, indicating a
similar extent of spatial and orientational correlation irrespective of the order in

which salt is.added to the system.
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1.3.10 SPBT-36 + salt
ABSOLUTE INTENSITY LIGHT SCATTERING

The Vv component of AILS for SPBT-36_ + 1.095N salt prior to centrifugation at low
scattering angles deviates from the linear angular depen'dence extrapolated from the
data obtained at high scatteri‘ng angles as 'sﬁown' in figure 122a. ' The angular
dependence of Kc/RVV(ﬁ) is large in contrast to the centrifuged sample shown in'
figure 122b. The angular depéndence of KcleV(o) of the centrifuged sample is about
a factor of 4 smaller than the uncentrifuged sample, indicating very large aggr’egates
were removed by sedimentafion. The concentration dependence of the zero angle
intercept Kc/RW(O) is shown in figure FIG17. The second virial coefficient A, is not
zero in contrast to the result Az =0 fouhd for other centrifuged articulated polymers

with added salt.

The Hv component of AILS for SPBT-36 + 1.09N salt prior to centrifugation exhibits
a large angular dependence shown in figure 124a. After centrifugation, the angular
dependence of KcIRHV(ﬁ) is a factor of two smaller as shown in figure 124b, This
indicates  the aggregates lost by sedimentatibn wefe ordered. The concentration

dependence of KcIRHv(O) is shown in figure 125.

The weight average molecular weight and mean square radius of gyration calculates

. from the Hv and Vv AILS data are listed in table 16.

DYNAMIC LIGHT SCATTERING

The time constants and wei‘ghting factors for a twasi-t_ernary component system of
SPBT-36+salt as a function of concentration are shown in figures 126 an‘d 127‘for the
uncentrifuged and centrifuged systems respectively. The experimentally accessible
lengths are listed in table 16. Using the weighting 'fa’ctors in figure 126 and 127, the
Rayleigh ratio can be decomposed‘into components. The angular dependence'of
KCIRZ,VV(H) ié shown in figures 128 and 129 for the uncentrifuged and the centrifuged
sample respectively., The data corresponding to corﬁponent three are too scéttered

to be meaningful and are hence not shown. The concentration dependence for
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component two is shown in figure 130. The experimental parameters are listed in

table 4.

To ascertain the origin of the molecular scattering, it is convenient to discuss the
results of the Hv scattering component of AILS from SPBT-36 in MSA and those of
the added salt first.  Prior to't_:entrifthgation, the magnitude - of [Kc/RHV(O)]° for
SPBT-36 in MSA is larger than that after centrifugation. If it is postulated the Hv
component of AILS is arising from the rodlike segments .in the molecule, the
corresponding molecular weight would be approximately 14,000 daltons. The
‘molecular’ Weight of the ordered segments of. the aggregates [Kc/RHv(O)]c’prior to
centrifugation is approximately 10,000 daltons while the actual 'molecular’ weight is
much larger as seen from [KcIRVV(O)]°. There is a loss of Hv scattered intensity‘
upon centrifugation. In the case of added salt, the intensity of the Hv component of
the scattered light remains approximately constant after centrifugation. The molecular
weight corresponding to [Kc/RHV(O)]° is ‘app’roxirﬁately that postulated for the
molecule in MSA. It is of course not possible to assign this contribution to theé
molécular properties but nonetheless it is 'apparent the molecule or portions of the
molecule are more ordered in the sa|t>'solution. It is useful to estimate the
molecular dimensions from the result obta»ined from the Hv scattering component of

AILS of SPBT-36 with added salt.

It is convenient to discuss the AILS'f'ésUit's for component two of SPBT-36+salt
first. Th‘e lengths obtained from the component analysis of the Rayleigh ratio are
close to that obtained for the centrifuged sample before decomposition as seen from
table 4. Furthermore, the molecular obtained for this component is approximately
equal to the molecular weight from the total Vv component of the Rayleigh scattering
from the centrifuged sample . This impil'ie‘s that this component may be the smaliest
aggregate formed in soluti‘on.‘ >It"is’ 'intéresfing to note L2 for the salt solutions is
twice Lv for the centrifuged M"SA:'saﬁ'{b'le' as are the molecular weights. A

speculation is the aggregate of the salt solution is formed by a dimer of the
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aggregate in MSA. The length obtained usi_ng‘akrodlike model for the éentrifuged

sample is approximately equal to Lz'

From the total [Kc/RVV(O)]°, the unceﬁntrifuged and centrifuged 'sar;nyiles for the
solution with added salt differ by a factor of two. This Ieadé to a sbecuiétion that
the aggregate f'ormed. in the uncentrifuged is fdrmed ‘fr'olm a dimer of aggregates
found in the salt solution. The intrense Hv scattering suggests the rodlike segments

have a high degree of orientational correlation. -

The discrepancy found in the results of the lengths L- for the uncentrifuged and
centrifuged samples from LGVV leads to conclusion SPBT-36 in MSA is not a rodlike

molecule.

The length L= for component three for the centrifuged sample of SPBT-36+salt does

not agree with L3 from the Rayleigh ratio.
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LOW IONIC STRENGTH STUDIES
In the early classical light scattering studies, it was found that changing the ionic
strength of the solvent by the addition of low molecular Weight salts or pH, thei
dimensions and the second virial coefficient of the polymer are chanbged. Although
this topic is still one_of 'current theoretical investigatfon's, it is agreed these effects
are due to long range electrostatic interactions absent in neetral polymers. In recent
years,v the influence of thevlong renge electrostatic interactions on chain dynamics
have been investigated. Using dynamic light scaftering, studies on dilute suspensions
of charged latex spheres in a . low ionic . strength media indicate long range order
between spheres. 'fhe spheres have been found to be in regular packed geometries.
As a consequence, there is a decrease in scattered intensity due to the destructive
interference from the correlated scattering centers. Also studies with poly-lysine
have shown an ‘ordinary to exfraordinary’ transition where long range forces are

postulated to create a lattice-like structure between molecules.

The effect of low ionic strength solvents was studied using SPBO-4 using CSA
(chlorosulfonic acid) and MSA which have ionic strengths of ~ 0.02 and 0.1

respectively.
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1.3.11 SPBO-4 in CSA or MSA ‘

'ABSOLU'I;E INTENSITY LIGHT SCATTERING
The most striking difference bétween data on solutions of SPBO-4 in CSA and MSA
is the Hv'FAILS scattering. The Hv scattering peak in the emission spectrum of

SPBO-4/CSA, small in SPBO-4/MSA, is large' as shown in figure 131.

Another effect of utilizing the low ionic strength CSA solvent is more clearly seen
in the angular dependence of the '_ﬁayleigh ratio prior to sample centr'ifugation‘, as
shown in figures 132 and 142 of SPBO-4 in CSA and MSA respectively. Note the
magnitude of KcIRW(G) decreases by a factor of 10 in CSA. As the polymer
concentration increases in CSA, the angular dependence of Kc/RVv(G) increases,
indicating aggregation which is concentration dependent. Also, the intensity which is
the reciprocal of Kc/RW(O) decreases. There is increase_d low angle scattering causing
deviation from the linear angular dependence of Kc/RVv(é'), indicative of aggregation.
The concentration dependence of Kc/RW(O) is large as shown in figure133, indicating a
large second virial coefficient. These effects have been attributed.to electrostatic’
interactions in solution. A discussion of the role of electrostatic interactions will be

-given after the presentétion of the dynamic light scattering results.

The angular dependence of Kc/RHv(ﬁ) is concentration dépendent -and parallels the
behavior of the Vv AILS data as shown in figure 134. The magnitude of this intense
Hv scattering is in some cases comparable to the Vv scattered intensities. This ‘result
is very unusual, but can be understood as a competition bétwgén the enhanced_ short-
range orientational correlation, which increases RHV, and enhanced long-range spatial
correlation among the scatterfng entities. The latter which increases with inéreasing
concentration,causing RVv to decrease with‘ inéreasing concentration due to
interparticle interference. In very low ionic strength solvents, the Debye screening
length increases as the fnverse of square-root of the ionic strength and the
molecules have a large excluded volume. At low concentrations, the scattering

moieties are held in a pseudo-lattice order, As the concentration increases, the

57




effects of excluded volume become more pronounced. The ordering between
scattering entities becomes more perfect, causing destructive interparticle interference

and a decrease in the observed scattered intensity.

After centrifugation, the intensity of the Hv scattered light decreases by an order
of magnitude with a decrease in the angular dependence of Kc/RHv(H) shown in figure
134. This is to be expected if the aggregates are removed upon sedimentation. The

quantity KclRHv(O) is concentration dependent as shown in figure 135..

After centrifugation, there is also a dramatic change of Kc/RVv(O), as shown in
figure 132. The concentration dependence of the angular dependence of KcIRW(G) and
KclRVv(O) are quite different. This result .is,consistent with the notion of large
aggregates being removed by sedimentat_ion. - The increased scattering intensity at the.
two higher concentrations is observed while at the two lower concentrations a

decrease is observed.

The effects of sonication are to increase the angular dependence of'Kc/RW(G), aé\
shown in figure 136, and to decrease in [Kc/RVv(O)]°, as shqwn in figure 137. Upon
centrifugation, the angular dependence of K‘c/RVV(O) and Kc/RHv(ﬁ) decrease as shown in
figure 138. Centrifugation does not affect the results obtained for Kc/RHV(O) for the

sonicated samples.

The experimental parameters are listed in tabie- 17 for the SPBO-4/CSA prior to and
after sonication respecti\)ely. The data of KclRHV(O) was extrapolated to the same
zero éoncéntration value irrespective of éample treatment since the Hv scattering
component is attributed to the molécUIar splecies ‘and the concentration dependence
of the Hv scattéring component is not influenced by the second virial coefficient.
The Hv scattering intensity was yery weak, making extrapolation to ‘zero
concentration difficult. The secdnd viriialn coefficient was extremely large, making

extrapolation to zero concentration hazardous.
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DYNAMIC LIGHT SCATTERING
The scattering intensity ffom these solutions is weak, as |s 6bse_rved in other
experiments conducted in low ionic strength medium?. Owing to the weak scattering,
the autocorrelation functions were not accurate enough to warrant a component
analysis at all concentrations; the first cumulant could always be evaluated easily.
Moreover, the lower solvent viscosity caused the time constants to be iﬁ I,imi’ting
range of the correlator in use. The results of decomposition of the autocorrelation
function made for a few concentrations are shown in figure 140 and 141 and listed

in table 17.

INTERPRETATION OF LIGHT SCATTERING DATA
The effects of lowering the solvent ionic strength are decreased scattering intensity
and increasing intermolecular association. The first effect is consistent with previous

experimental observation'> 'S,

With results on the rodlike counterparts studied in
this Iabératory the interactions were intermolecular since the chains were already
fully extended. The long rénge nature of the electrostatic interactions created a
pseudo-lattice ordering of the rodlike molecules, decreasing the scattering intensit.y
through destructive interparticle interference effects. This resulted in a decreased

absolute intensity and extremely long correlation times in the dynamic light scattering

experiments.

Ih the present case, chain extension or an intramolécular ordering of the rodlike
segments may play a role as the ionic strength is lowered, as evidenced by the
presence of an Hv AILS component, small in the higher ionic strength solvent (MSA)
In previous articulated copolymers studied. especially the cases where salt was
added, the presence of Hv scattering was attributed to aggregation and specifically to .
orientational correlation between rodlike segments, primarily intermolecular in origin.
This result suggests CSA is not a better solvent than MSA iﬁ spite of a large
second virial coefficient in CSA. This is disappointing, since it was thought that

CSA might be a better solvent in achieving a 'molecular’ solvation. The solvation
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mechanism requires protonatiori“"t‘):‘f ‘the 'polym"er. backbone and subsequent dissolution
through electrostatic repulsion. In CSA, the Debye screening length is large, creating
a maximum repulsive energy and a 'molecular’ solution. This was the result for the
rodlike molecules, although the large second virial coefficient prevented conclusive
results. Apparently, the introduction of a few flexible segments into an otherwise
rodliike molecule causes aggregation. ‘This-'r.esult is also in contrast to the results
found in coil-like molecules where chain expansion and a large second virial
coefficient are the primary effects of lowering ionic strength. Perhaps, the ’all or
nothing’ solvation of the rodlike molecules is prohibited by the flexible segments. A

few rodlike segments in the molecule could be protonated without molecular

dissolution.
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SPBQ 4/MSA
ABSOLUTE INTENSITY LIGHT ‘SCATTER.ING
As previously ‘noted, the Hv emission sp'ectrum‘fc“).r S_PBO—4_/MSA contains only a
small peak at the Wave|ength of the incident Iig.ﬁt.. This contr‘ith.ution ié ioo weaklto

be used in the analysis of the RHV scattering.

The Vv scattering component of SPBQ 4/MSA is notabie for the absence of
increased low angle scattering causing KcIvaV(G) to deviate f<r6m a iinear angular
dependence extrapolated from data obtained at high écattering angles as shown in
figures 142a and 142b for the centrifuged and uncentrifuged samples respectively.
The concentration dependencev ofi KcIRW(O) is shown in figure 143 for the
uncentrifuged and centrifuged sample. THe results of SPBO-4 in CSA are also shown

for comparison. It can be seen that the second virial coefficient is smailler in MSA.

DYNAMIC LIGHT SCATTERING
The autocorrelation function displayed the characteristic deviafcion from a single
exponential with components biasing the autocorrelation function‘at long times. “The
results of decomposition into components is shown in- figure 144 . Usihg the
weighting factors obtained through dynamic light scattering to decompose the
Rayleigh ratio, a quasi-binary component system can be obtained as shkown in figure
145 . The concentration dependence of Kc/RVv(O) is shown in- figure 146. The

' experimental parameters are listed in table18.

INTERPRETATION OF LIGHT SCATTERING RESULTS
Since the Hv scattering peak is negligibly small , it is not unreasénable to postulate
SPBO-4/MSA is coil-like in solution. |If RG is .calc'ulated from M _ using the model
discussed previously with <Z)1=12.1 nm and n=45.4, the value 40 nm is approximately
equal to the experimentally observed RG,Vv' The discrepancy between this and the
measured value of RG,Vv is attributed to the experimental error and the crudeness of
the model employed. The observed RH'1 is consistent with the value expected for

coil-like molecules, The value of RH2 reported for SPBO-4 is small, pro'bab_ly

61




indicative of lower molecular weight species. If this scattering moiety has a coil-

like conformation, the corresponding F(G is 4 nm, which is too small to be

experimentally observed, in the angular deApendence of the scattered light intensity.
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1.3.12 SPBO-96/MSA _ S .
ABSOLUTE INTENSITY LIGHT SCATTERING |
This sample exhibits a small Hv scattering peak in the gmis‘s‘i,on spectrum, typical of '

the articulated copolymers and consequently KcIRHV(H) was not measured.

The Vv component of the AILS prior to centrifugation deviated from the linear
behavior extrapolated from the high scéttering angles as shown in figure 147b. After
centrifugation, the Vv component of AILS exhibited a linear angular dependence over

the entire angular range studied.

The Vv component was examined prior to and after sonication, uncentrifuged and
centrifuged. Prior to sonication, the 4un¢entrifuged sample.gxhibits a large devi’atio‘n
at low scattering angles from the linear angulér dependence .of Kc/RW(ﬁ) extra'poléwte‘d"
from high scattering angles, as shown in figure 147. After centrifugation, Kc/RW(ﬂ) is
linear with scattering angle and the magnitude of d[Ké/RVV(B)]/d sin?/2 ‘becomes
smaller, as shown in figure 147b, indicating aggregates have :been removed by
sedimentation. The value of [KclRW(O)]° shown in figure 148 increases upon
centrifugation, another indication large moities have been removed. The‘experimentél

parameters obtained are listed in Table 19.

After sonication, the abnormally intense low angle scattering due to aggregation is
absent, as shown in figure 149. The magnitude of ch/RVV(O)l d sin/2 is comparable

to the centrifuged sample prior sonication.

The effect of sonication is illustréted after cehtrifugation in figure FIGS4B. The
maghitude of d [Kc/RVv(H)]Id sin? 8/2 becomes smaller. inspection of [Kc/R\'N(O)]" as
a function of sample treatment shows the largest value is after sonication and
centrifugation. Sonication has the effect of breaking apart the aggregates. There is
also an interesting observation with the sonicated sample. The concentration
dependence of [KcIRW(O)]o is constant ie.. the second virial coefficient beéomes

small to zero shown in figure 150, in .contrast to the value prior to sonication.
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DYNAMIC LIGHT SCATTERING
The results of the decomposition of the autocorrelation function into components is
shown in figures 151 and 152. The component with the longer relaxation time made
the dominant contribution to the scattered intensity as a function of angle. The

experimental parameter RHi is listed in table 19 for each componént.

The weighting factors r. were used to decompose the Rayleigh ratio. The results
~are shown for the sample prior to centrifugation in  figure 153a and after
centrifugation in figure 153b. The magnitude of ch/l’RWJ(ﬁ)/dsin2 012 is essentially
that of the Rayleigh ratio prior to decomposition regardless of sample treatment.
The angular dependence of component two is too small to determine. The
concentration dependence of each component prior to and after centrifugation is
shown in figure 155. The experimental parameters are listed in table 18.

INTERPRETATION OF LIGHT SCATTERING DATA

If RG is calculated from MW using the the previously discussed model for the freely
rotating chain using <£>1=12.7 nm, n=123 for the uncentrifuged sample, the value 58
nm is larger than RG'VV experimentally observed. The differences may be within
experimental error and the crude approximation used to calculate RG, but the disparity
may indicate that the chains are aggregated to form an irregular structure somewhat
similar to a randomly branched molecule, so that MW is larger than is expected for
the measured RG. The decrease of MW and RG on cent}ifugation is consistent with
this proposal. From the experimentally obs\,erved RG'VV, the molecular weight of the
moiety is calculated to be 8.1 X104 using the above model with n=18. The

aggregated species in solution can be modelled as coil-like conformers.

if RG is calculated from the molecular weights of the uncentrifuged components, the
values are consistent with the experimentally observed RG. The components in
solution can be modelled with coil-like conformations. The discrepancy in the values
of RG for the centrifuged‘ samples could be ‘due to the uncertainty in the

concentrations of the solutions or experimental error.
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The value of RH2 is consistent with RG for a coil-like conformer.



1.3.13 SPBO-39/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

A nonnegligble Hv scattering component was observed for SPBO-39 in MSA which
is unusual for the articulated copolymers. The fluorescence contribution to the Vv
scattered light component was negligibly small, as can be seen in figure156. This is

also unusual since most samples were strongly fluorescent.

The Vv component of AILS is shown in figure 157 for the uncentrifuged and
centrift;ged sampies . The two lowest concentrations exhibit a Iarger_d[Kc/RVv(H)]/d
sin® /2 than the two higher concentrations. After centrifugation, d[KcIRVv(H)/dsin26/2
becomes concentration independent. This suggests that the formation large moieties
are concentration dependent and were removed upon centrifugation although the low
angle scattering data did not deviate from the linear behavior of KcIRVV(H)
extrapolated from high scattering angles versus angle. The concentration dependence
of Kc/RVV(O) is shown in figure158. The zero concentration intercept is the same
prior to and after centrifugation. The experimental parameters are listed in table 20.

DYNAMIC LIGHT SCATTERING

The autocorrelation functions for SPBO-39/MSA show behavior characteristic of
aggregation, that is long time components and deviations from an exponential decay.
The results of a component analys‘is for the dynamic light scattering experiments are
shown in figures 159 and 160. The angular dependence of the weighting factors for
the two components are complementary, as the scattei’ing angle increases, r

decreases. |If the species corresponding to r_ is attributed to aggregation, it is

1
expected the contribution to the scattering factor will decrease with increasing angle.
Conversely, the contribution from the smaller component will appear to increase as

the contribution from the large aggregate decreases.

If the components are assumed to form a quasi-binary system, in principle, the
Rayleigh ratio can be decomposed using the weighting factors re The results from

such an analysis are shown in figures 161-163. With the centrifuged sample did not
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exhibit a physical behavior such that the values of KcIRVv(O) were not monotone
functions of c,for unknown'reasons. Experimental parameters are .Iisted in table 20.
! _ The apparent experimental parameters for_component one is essenﬁally equal to that
‘ found prior to decomposition of the Rayléiéh ratio.

. INTERPRETATION OF LIGHT SCATTERING DATA

The strong R intensities, and the nature of the R,, scattering an}d'the dynamic
‘ - scattering together indicate the presence of large agg}re'gate's, with the possibility of
‘ a reasonable degree of orientational correlation among the rodlike segments
comprising the aggregates. The‘ macroscopic Vaiue of § = 0.18 for the effective
scatterers is smaller than the molecular value of 0.5, indicating less than complete

parallel organization in the aggregate. The large 62Mw could result from an overall

Hv
rodlike aggregate with a tendency for paraliel organization of the rodlike subunits, or
from a fringed micelle-like mode! with an overall coil-like shape and a ‘few micellar-
like crosslink loci comprising structure with a. highly parallel arrangements of the

components.

The observed value of 'RG'VV is smaller than that expected for a thin rodlike
structure with molecular weight MW=1.3X105. By contrast, the ratio of the values of
RG'2 and RH'2 for the uncentrifuged sample is in reasonable accord with that expected
for a coil. Thus, we speculate an overall coil-like aggregate stabilized by micellar-

L like Joci with the components in paraliel array.
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From the previous results obtained from systems with added salt, aggregation
formation leads to a more ordered conformation. This is also true for the sample
SPB0O-80 and SPBO-88 which have been reprecipitated from MSA. These samples‘ are
characterized by a relatively large Hv scattering peak in the emission spectra shown

in figures FIG66A.

1.3.14 SPBO-80/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

The angular dependence of Kc/RVv(G) for SPBO-80/MSA after sonication and
centrifugation are not independent of concentration as shown in figure 165. There is
also a notable lack of increased low angle scattered intensity characteristic of
aggregation. The concentration dependence of d[Kc/RVV(O)]/d sin/2 could be
indicative of varying degrees of aggregation. This phenomena is more pronounced in
the sample prior to sonication and the sonicated sample prior to centrifugation as
shown in figures 16%a and 169 respectively. The éoncentration dependence of

KcIRW(O) is shown in figure 166.

The Hv component of AILS also exhibits a concentration dependent d[KclRHv(H)]ld
sin26/2 as shown for the sample prior to sonication in figure 167a, aft_er sonication
in figure 170b and the centrifuged sonicated sample in figure 167. Although the data
are scattered, the trend appears to be as concentration -increases the magnitude of
d[Kc/RHV(ﬁ)]/d sin@/2 increases. This suggests as the size of the aggregate
increases the orientational correlation between the rodlike segments increases. The
results presented here are not corrected for he fluorescence contribution. This
correction is large (~ 25 % of the total scattered intensity). Although the Hv AILS
data are not corrected for fluorescence and absolute magnitudes of the experimental
parameters are not available, the presence of Hv AILS implies aggregation and the

relative magnitudes of KcIRHv(ﬁ) can be interpreted.

The experimental parameters are listed in table 21.
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DYNAMIC LIGHT SCATTERING DATA

The autocorrelétion function 9(2)-1 containéd only 16 data points instead of the
usual 32 or 64 points and so the long time behavior of. SPB0O-80 is not known.
However, the first cumulant was evaluated. ~ The hydrodynamic radii that weré
obtained are listed in table 21.
INTERPRETATION OF LIGHT SCAﬁERING DATA

The absolute value of RHV is not l‘<'nown for - this sample due to fluorespen;e
contribution to the scattered intensity. However, the Hv spectra indicates a strong
Hv scattering for the uncentri-fuged' sampie. Since the Hv spectra was ‘not measured
for the centrifuged, sonicated sample, it cannot be directly ascertained whether there

2 512 and

is any Hv scattering or not. Howevef, the magnitudé of d Kc/RHV(B)la sin
Kc/RHVB are approximately the same for the uncentrifuged, sonicated and centrifuged
samples, indicating that the Hv scattering persisted for the latter two materials. By
contrast, for the Vv scattering changed greatly. The strong RHV suggests aggregation
persists after centrifugation. The large RHV could result from an overall rodlikg
aggregate with a tendency towards paralie! orientation of the rodlike segments or

from a fringed micelle model with an overall coil-like shape and a few micellar-like

crosslinked. loci comprising structure with a highly parallel arrangement of the rodlike

1/2
F(Vv

. structure with (1+(4I5)52)Mw=1.8X104. The value of R, obtained for the centrifuged

segments. The observed value of J is smaller than expected for a rodlike

sample agrees well with the value of RGVV obtained for the sonicated and centrifuged

sample if the species is assumed to have a coil-like conformation.

We speculate that, after centrifugation, an aggregate with an overall -coil-like
structure is stabilized by micellar loci with the rodlike segments in a parali'el array.
This is in contrast to the elongated aggregate postulated for the uncentrifuged

sample.

The aggregate probably has orientation correlation between rodlike segments. It is

not possible to ascertain the degree of organization of the rodlike segments in the
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aggregate as the value of J§ is unknown owing to the unknown contribution of

fluorescent intensity in the measured Hv response.

The value of RH for the uncentrifuged sample agrees well with the values of

J1I2RGVV for a rodlike structure, that is the ratio of RH to RG is ~ 1.7. The observed

value of J”zRGW is larger than that expected for a rodlike structure with
_ 4 . . 172 o . o

Mw-2.9x10 d. The disparity (J RG'VV RG'W is 50% larger than the value calculated

from MW) is difficult to assess as the effects of length heterogeneity and diameter

have opposite effects on the value of RG calculated from MW with JHZRGW.

2

Both Kc/R,, 8 and o KcIRVv8/8 sin® §/2 are reduced by centrifugation, suggesting that

the aggregates are the dominant contribution to the scattering prior to centrifugation.
If the aggregate is assumed to be a prolate eliipsoid, then compafispn of F(GVV and
RH' obtained prior to centrifugation gives a length of 290 nm and a diameter of 6 nm

for the aggregate.
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1.3.15 SPBO-88/MSA
ABSOLUTE INTENSITY LIGHT SCATTERING

The Vv component of AILS of SPBO-88/MSA has a large angular dependence which
is concentration dependent, as shown in fig.172 At the two highest concentrations,
chlRVV(G)/d sin® /2 is 50 % greater than found at the lowest concentration. This
suggests a state of aggregation that is concentration dependent. The low angle
scattering exhibits a slight deviation from the Iir_wear angular dependence from the
data extrapolated from high scattering angles. This is unusual behavior since most
samples studied here contain aggregates which contribute to a large forward
scattering intensity causing a deviation at low scattering angles. from the linear
angular dependence extrapolated from data at higﬁ scattering angles. The

concentration dependence of Kc/RVv(O) is shown in figure 173.

After centrifugation, the angular dependence - of Kc/RVV(()) is independent of
concentration and a factor of two smaller. The magnitude of Kc/RVV(O) decreases by.
a factor of 2. This indicates large moities removed by sedimeﬁtation. The lack of
an increased low angle scatteriné intensity, characteristic of aggregation, indicates
sedimentation was effective in removing the aggregated species. The_conceﬁtrétion

dependence. of Kc/RW(O) is shown in figure 173.

The angular dependence of Kc/RHv(ﬁ) prior to centrifugation is larger than after
centrifugation as shown in figure 174. This sample has been subjei:ted to
precipitation from MSA which has been shown to increase aggregatibri. From the
previous discuss‘ions involving the additfon of salt where ordered aggregates resulted,
it is possible the aggregates forméd in this case are .ordered' and‘rem,'oved by
sedimentation. The concentration dependence of KélRHV {(0) is shown in figure 175.
The large change of [Kc/RHV(O)]° indicates the loss of higher molecular wéight

aggregates upon centrifugation.
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"DYNAMIC LIGHT SCATTERING
The dynamic light scattering was performed on a sample prepared from a stock
solution that had been sqnicated for 1 hour and centrifuged for 24 hours in which a
portion of the solution was removed prior to the preparation of the solutions used
for light scattering. | The autocorrelation functions were decomposed into
components. The weighting factors r and -risinz 812 are shown as a function of
concentration in figures 176 and 177. The hydrodynamic radii of the two components

is listed in table 22.

INTERPRETATION OF LIGHT SCATTERING DATA

Prior to sonication and centrifugation, the scattering data reveal large species and

. . . 1/2 . ) .
substantial Hv scattering. Since J RG'VV and fBRG,Hv differ greatly, it must be

assumed that the order obtained in the scattering species is not large {ie. either f3 or

RGHV must be small). A possible model would be a large overall disordered structure

with localized small loci exhibiting a high degree of local orientation of the rodlike

chain elements, (ie., large f3 but srmall RGHV for these loci). This represents a kind

of fringed micelle moageal The observed JUZRGVV is 50% larger than fthe RG

calculated from MW on the assumption of a rodlike conformation; this may ingicais
that with the uncentrifuged spucimen, the sample consists of a heterodisperse

collection of rodlike aggregates.

Surprisingly, after sonication, both J”2R and MW are increased. This may

G.Vv
indicate that the original aggregate structure was partially loosened during sonication,

to permit reformation of larger, more open structures after sonication. Significant

1/2R

Gy, 2Ppears to be consistent with a fringed

Hv scattering with st(G'HV iess than J

micelle model. After the sonicated sample is centrifuged, both MW and RGVV
2 . .

decrease , as do § MW'HV and f3RG'HV. The centrifugation apparently removed some

of the larger aggregates, but did not result in a molecular dispersion (ie.,, Hv is still

too large, indicating the presence of ordered loci of aggregated rodiike chain

elements).
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The value of RH for the uncentrifuged sample is 7 nm and the value of RG for a

2

coil-like conformer with this 'RH is 12 nm. The contribution to the Vv angular
dependence would be small. The aggregate can be modelied as a prolate ellipsoid

using the total R measured as an estimate of the aggregate RG and RH1‘ The

GV

prolate ellipsoid length is 590 nm and the diameter is 4 nm. Since the F(H2 also

small after centrifugation, the total R can also be used as an estimate for the

GV
aggregate RG in the prolate ellipsoid model. The length of the ellipsoid is 270 nm

with a diameter of 8 nm.

We conclude the aggregates formed are highly extended with a high degree of
orientational correlation among rodlike segments giving rise to the large values of

R observed.
Hv
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1.4 CONCLUSIONS

The effect of introducing articulation into rodlike polymers is to reduce the overall
optical anisotropy of the chain. The free rotation about bonds of the articulated
comonomer reduces the correlation of the anisotropy tensor along the chain

backbone. This results in a decrease in the intensity of the Hv AILS component.

The introduction of flexible joints in a rodlike molecule has not resulted in
enhancéd solubility--these polymers are still only soluble in strong acids. As a
result, the pélyelectrolyte nature of the chains plays an important role in the
determination of solution properties of the protonated polymers, especially in acids
with low ionic strength. The polymers studied tend to aggregate in solution, and

aggregation is promoted by increasing the ionic strength of the solvent.

From the studies of solutions with added salt, it was found ‘that the intensity of
RHV is a sensitive measure of the degree of orientational correlation between rodlike
segments. The addition of salt promotes orientational correlation between rodlike
segments, resulting in enhanced RHV intensity as well as JzMw'Hv as extensive
aggregation of the molecules into ordered supra structures. For the rodiike PBT
polymers, aggregation was postulated to form paraliel bundles. This can be a
desirable property in the processing of films and fibers. Understanding 'the process
of aggregation is also important in the prediction for the behavior of solutions during

processing.

It was hoped that samples received directly from the reaction mixture would be
aggregate free. it was somewhat disappointing to discover the presence of
metastable aggregatés in the non-heat treated PBT-PBO copoIYmers. Furthermore,
these metastable aggregates could be only partially degraded when a more drastic
dissolution procedure wés employed. Perhaps a molecular solution could be prepared
if the dissolution conditions were more severe. Since it is known that precipitation
of material from PPA causes metastable aggregation, it appears the sampies in PPA

hold the most promise for a truly molecular characterization.
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it has been reported that the use of the low ionic strength solvent. CSA for the

study of rodlike polymers for the purpose of studying 'molecular’ propertiés, the

method of choice appears to lead to enhanced solvation. This is offset by

experimental difficulties such as weak scattering intensities .due to 'strong

intermolecular effects and low solvent viscosity, placing dynamic light scattering
measurements in a less convenient instrumental range. The former experimental
difficulties, due to the exceeding long ,ravnge electrostatic forces in solutién, are
alluded to in current literature for other polymers. For the articulated' copolymer

studied, a molecular solution was not obtained with CSA.

Estimate of 'molecular’ properties can be obtained through the de?:omposition of‘th‘e
autocorrelation function into a number of discrete contributions, and .the use of
weighting factors so obtained to decompose the Rayleigh ratio into contributions
from components. Interpretation of these results require a constant state of
aggregation with concentration and that the overall concentration of the aggregates is
small. It is important to recall this representation of the data is only a quasi-bvinar'y
or ternary discrete system. In fact, each component represents a distribution of
molecular weight species, If the above constraints are met,v parameters for the
components can be obtained from the experimental results. This method is useful to

extract information from these polydisperse samples. It is of course, more desirable

to achieve a molecular solution for the purposes of characterization.
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Table 1 Sample Preparation for PBO Copolymers

Preparation

1. stock solution in MSA

2. diluted

3. filtered through fine

sintered glass filter

4. cells flame sealed

under vacuum

5. emissjon spectra (Hv,Vv)
6. AILS, IFLS
uncentrifugéd,centrifuged
7. sonication 1 hr.

AILS

Hv emission spectra

Sample Supplie’s code
SPBO-88 SPBO-292-88 514.5nm, 633nm
SPBO-80 SPB0-292-80 633nm
SPBO-39 SPBO-352-39 633nm
SPBO-4/MSA SPBO-352-4 514.5nm
SPBO-4/CSA SPBO-352-4 633nm
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Table 2 Sample Preparation for PBT and PBT copolymers

Preparation

1. stock solution in MSA

2. sonicated 1 hr.

3. precentifuged 24 hrs. (7000 rpm)

5. filtered through teflon filter

6. cells flame sealed under vacuum

8. AILS and IFLS

4, diluted uncentrifuged,centrifuged

SPBT-38 SPBT-352-38 514.5nm 633nm
SPBT-36 SPBT-352-36 633nm
SPBT-7 SPBT-388-7 633nm
SPBT-12 SPBT-388-12 514nm
SPBT-38+salt(ps+s)

+1,09N 514nm

+0.53N 514nm
SPBT-38+salt{p+ss)

+1.63N 514nm

+0.56N 514nm
SPBT-36+salt(ps+s)

+1.09N | 514nm
PBT-7+0.7N salt PBT-2122-72-7 514nm
PBT-8+0.7N salt PBT-2122-72-8 514nm
PBT~30 in PPA (9.2%) 2895-30 514nm 633nm
PBT-PBO(90/10) in PPA(7.7%) 4592-13 514nm
PBT-PBO(75/25) in PPA(5.7%) 4952-5 514nm

78




Table 3 Experimental parameters for PBT-30 in PPA/IMSA

uncent cent

.t (1+(4/5)52M 2.84X105  2.24X10°
. azmev 7.8X10° 7.0X110°
| J"’RG " 140° 130
‘ f2Rc e 22 14
RH,1
R,, 35 . 50
R.s 6 6
w (1+(4/5)3 2)1\/11
112
SR |
w2(1+(4/5)52)M2 5.4X10° 1.1X10°
J”ZRG?_ 260 120
w3(1+(4/5)62)M3 2.6X10% 2.6X10%
JY ZRG . 25 23

all lengths in nm

a) only at low c, eg. Figure 6
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Table 4 Molecular Parameters Calculated for a Rodlke Conformer PBT-30
in PPA/MSA
uncent cent
2.37X10° 1.87X10°
w,Vv .
3.1x10% 2.8x10%
wHv
LG,v 580 525
LG'H 75 50
Lv 1080 850
LH 140 130
From RH,i
L=.2 400 620
L::.'3 24 24
From wM
] w,i
8
szV'2 2040 420
a
waLV'3 100 100

calculated with §=0.5

~ all lengths in nm
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Table 5 Experimental parameters for PBT-PBO (90/10) in PPA/MSA

uncent cent
(1+(4/5)5 )M 8.7X10° 1.3X10°
w,Vv
52M 1.0X 104 9.0X103
w,Hv
%R 193 60
J G.Vv
f-Rem 20 20
R, 390 97
R, 43 38
Rys 11 15
w (1+4/5)5 M
1/2
IR
2 5 , & 5
w,(144/5)5 M, 7.4X10° 4.9X10
1/2
V2R, 190 190
w3(1+(4/5)52)M3 4.4X10% 4.4%1%
172 S 4
V2R, 27 21

all lengths in Am
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Table 6 Molécular Parameters Calculéted for a Rodlke Conformer PBT-PBO
(90/10) in PPA/MSA

uncent cent
-~ 7.2X10° 1.3X10°
by 4.1X10% 3.6x10%
Loy : 900 280
Lo 70 60
Ly 3300 600
L, 185 165
From RH‘i
Lz, -~ 7600 1350
L, 2200 420
Lo 90 110
From wiM
iow,i
WL, 2“ 2800 1850
w3LV' 3” ' 170 : 470
From RG'i
L,y 900 900
Ly 100 115

calculated with §=0.5

all lengths in nm
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Table 7 Experimental parameters for PBT-PBO (75/25) in PPA/MSA

uncent cent
(1+(4/5)5 M 5.9X10% 3.9X10°
w,Vv ,
52m 3.3x10°%
CowLHY
%
J RG,Vv 110 | 105
a
f3RG,Hv . 8 8
RH,1
‘RH,Z 73 ‘ 55
RH,S 4 4.4
w (14(4/5)5 %M
172
R _
2yp 5 6 » 4
w2(1+(4/5)5 )M2 1.9X10 6.2X10
1/2
J RG,Z 490 54
2 A 4
w3(1+(4/5)5 )M3 6.7X10 3.4X10
1/2
J RG,B , 44 23
all lengths in nm
a) as c=0
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Table 8 Experimenial parameters for PBT‘-8 + sélt at 514.5 nrh and 25.0°

without salt

uncent cent
(1+(4/5)52)vav 9.56x10° 1.2X10° 0.36X10°
52m 3.3X10%* 1.1X10%* 0.33X10%
w, Hv
J4R 185 43
G.Vv 60
faR e 22 14 ,24
i 89 89
R, 22 9
R, 3 2
w.(1+4/5)59 M, 6.3X107 7.56X10°
1/2
V2R, 8000
2 4 4
w,(1+4/5)5°)M,,  6.7X10 7.3X10
12 '
SR, 40 30
2 4
w_(1+(4/5)5°)M,, 1.9X10
A ,,
IR, 10

all lengths in nm

+# values as ¢c->0
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Table 9 Experimental parameters for PBT-7 + salt at 514.5 nmand250°

uncent cent - ‘ without salt -

(1+(4/5)52)|v1WVV 4.7x10° 5.8X10° L 0.42X10°.
sm 6.1X10%* 6.1X10% . 0.35X 10

w,Hv . )
% * *
PR 85 20 50
fRem 20 25
5 0.34 0.38 0.3
Ry, 130 130
R, 30 30
R 6 3

\ o 2 9 ’ 9

w (1+(4/5)52 M 2.3X10 1.3X10
172 .
IR, 5000 140
w2(1+(4/5)62)M2 1.1x107 . 6.3X10°
172 : ‘
IR, 1300 85
w3(1+(4/5)52)M3 2.5X10%
1/2
IR, 6

all lengths in nm

#+ values at ¢->0
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Table 10 Experimental pafameters' for SPBT-38/MSA at 514.5 nm and 25.0°

uncent ’ Co cent
(1+(4/5)8 )M 1.04X105 0.79X10%
w,Vv ) )
%R 30 ‘ 25
J G Vv
*
R, 80 8
. . *
RH,3 5 2
w2(1+(4/5)52)M2 1.56X10° 8.4X10°
1/2
JR;, 40 14
w3(1+(415)52)M3 8.3X10°3

all lengths in nm

* experiments performed at 15.0° C
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Table 11 Experimental parameters for ,S'PBT-36/MSA at 632.8 nm and 25.0° C.

uncent cent
(1+(4/5)5 M 1.6X10° - 3.1x10%
w,Vv :
62MW " 0.27X10% " 0.40X10%
% ' .
IR v 150 . 80
faRe i 70 18 -
R, 97 34
R, 3 12

all lengths in nm

dynamic light scattering performed at 514.5 nm and 25.0°C
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- Table 12 Experimerital parameters for SPBT-7/MSA

uncent - cent.
(1+(4/5)5 2 )M 5.1X10°> . 4.3x10°
w,Vv
2
6 Mw,Hv
JR 500 110
G, Vv
f3RG.Hv
R, 130 60
R,, 5 7.3 6.3
w2(1+(415)52)M2 1.3X10° 7.6X102
112
IR, 190
\:~/3(1+(4/5)52)|vx3 8.2X10°3

all lengths in nm

. Dynamic light scattering performed at 514.5 nm and 25.0° C




Table 13 Experimental parameters for SPBT-12/MSA at 514.5 nm and 25.0°C

uncent : cent

1.4X105 . 7.8x10%
w,Vv
.RG,VV 60 : 30

all lengths in nm
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Table 14 Experimental parameters for SPBT-38 (ps+s) solutions at 514.5 nm
. and 25.0°
uncent . cent uncent cent
(1+4ar5)82Mm 1.4X10° 4.5x10% 3.5x10° 4.6X10%
2 4
d°M 1.15X10 0.35X10
w,Hv
JER 71 32 115 35
G,Vv !
fSRG,Hv 32 8-13 22-40 12-17
RH,1 285 300 250
RH,Z 22 22 30 13
RH,B 3 6.5 4 1
L 310 140 510 160
p.2

all lengths in nm
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Table 15 Experimental parameters for SPBT-38 (p+ss

solutions at 514.5 nm

and 25.0°)
» -‘ uncent cent. uncent cent
(1+(a15)52Mm_ 2.6X10° ° 8.65X10% 2.4x10° 1.8X105
| sZm 0.42X10% 0.42X10% 0.85X10%
w,Hv
JAR 80-90 35 50-100 30-50
G.Vv
f2Re 10-25 17 25-32 10-27
Ry, 90 135 210
R, 22 17 17
Rs 1 3 4 4
L 160 350 180
p.2

all lengths in nm
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Table 16 Experimental paramete;s for SPBT-36 + éalt at 514.5 nm and 25.0°C

uncent cent
(1+(4/5)5 %)M 8.2x10% 4.4x10%
. N W,VV . N - -
52m 3.1X10° 2.3x10°
w,Hv
% *
PRy 36 30
f.R 30 15
R, 20 .16
R,, 5 4 4
w2(1+(4/5)62)M2 5.7X10% 4.2X10%
1/2
IR,
2
w3()1f(4/5)5 )M3
i .
IR,

all lengths in nm

# value as ¢=0
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Table 17 Experimental parameters for SPB0O-4/CSA at 632.8 nm and 25.0°C

uncent cent

(1+(4/5)s M
w,Vv
52M 7.4X10°
w, Hv
Yo

J RG,Vv

' *
f2Rem 35
Ri2 87
R, 3 2

dynamic light scattering performed at 514.5 nm and 25.0°C

all lengths in nm

# value as ¢-0
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Table 18 Experimental parameters for SPBO-4/MSA

uncent cent

M 1.0X10° 9.2X10°

w,Vv
Re vy 20 20
Ry, 24
R, 2.4
w._M 9.8X1%

2 2 )
R(5,2 32

3

w M, 6.4X 10
RG,S

all lengths in nm
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Table 19 Experimental parameters for SPBO-96/MSA at 514.5 nm and 25.0°C

uncent cent sonicated cent
M 5.7X10° 4.0X 105 2.1X10°% 1.9X10°
w,Vv ) .
Re vy 64 45 48 30
RH,Z
RH,3
w,M, 7.2X10° 7.2X10°
Re o 100 40
w_M 1.5X10° 1.5X10°
33
Re.3

all lengths in nm
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Table 20 Experimental parameters for SPBT-39/MSA at 632.8 nm and 25.0°C

uncent ' " cent
(1+(4/5) 5 2IM 1.3X10° " 1.3x10°
w,Vv i

5°M 4.2X10° 4.2x10°

w, Hv X
%
J R(:1,Vv : 77 80
f3RG,HV
RH,Z
R 2.4
\/‘/2(1+(4/5)52)n\n2 1.X10° 1.4X10°
1/2
IR, 73
w3(1+(4/5)52)M3
1/2
3R, 5

all lengths in nm

dynamic light scatteringg performed at 514.5 nm and 25.0°C
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Table 21 Experimental parameters for SPBO-80/MSA at 632.8 nm and 25.0°C

. uncent sonicated cent

g (1+(4/5)52)Mw s 2:9%x10° 6.2X10% 1.8X10%
52Mm 2.2X10° 2.7X10° 1.5X10°

w,Hv
. 17
. R, 65\200 45

faRe 6 25 , 10
R 32 25

all lengths in nm

dynamic light scattering performed at 514.5 nm and 25.0°C
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Table 22 Experirhériial‘ para'meté'rs for SPBO-88/MSA at 632.8 nm and 25.0°C

uncent cent
(1+(4/5)5 %)M 6.9X10° 2.7X10%
w,Vv
52m 6.3X10° 3.8X10°
w,Hv
J%R 110 60
o G,Vv

f-Rere | 20 23

R, | 45 | 32

R,, 5 7

all lengths in nm

dynamic light scattering performed at 514.5 nm and 25.0°C
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Figure 5:

¢

The Vv emission spectra of SPBT 38+0.53 N salt excited wnth
a 5145 nm source at 25.0 ° C. 00506 o/di
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Figure 18: The concentration depen.dence‘"o\‘ the Vv components of the integrated
intensity light scattering of PBT-PBO (90/10) in PPA/MSA. O uncentrifuged
® centrifuged
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Figure 19:  The aluncentrifuged and blcentrifuged Hv component of the integrated -

mtenslty light scattering of PBT-PBO (80/10) in PPA/MSA at 514.5 nm
and 250 ° C. 0 0.0491 g/d! 0-0.0385 g/dl (P 0.0232 g/dI-O 0.0102 g/d! -
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Figure 20:  The concentratio_n‘ dependence of the Hv component of the integrated
intensity light scattering of PBT-PBO (90/10) in PPA/MSA. O uncentrifuged and
® centrifuged
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Figure 23: The uncentrifuged Kc/R,, . of PBT-PBO (80/10) in PPA/MSA
at 514 nm and 25.0°C. O 0.0481 g¥4 0-0.0385 g/di Q 00232 g/dl
-0 00102 g/dl
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Figure 2k: The c%ntrifuged Kc/F‘«’V , of PBT-PBOIS0/10) in PPA/MSA
at 514 nm and 25.0°C. O 0.0491 g/di 0-0.0385 g/di Q 0.0232 g/di
-0 0.0102 g/d!
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. Figure 25: The concentration dependence of the Vv components of the integrated

intensity light scattering of PBT-PB0({90/10) in PPA/MSA O r
uncentrifuged @ rzcemrifuged o) ry uncentrifuged 0—r3 centrifuged
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Figure 26:  Absolute intensity light scattering for PBT-PBO (75/25) without
heat treatment in PPA/MSA at 633 nm and 25.0°. O 0528 g/dl 0-0.327 g/dl
0 0.268 g/dI-O 0.138 g/d!
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Figure 28: The centrifuged Vv component of the integrated
intensity light scattering of PBT-PBO (75/25) in PPA/MSA at 514.5 nm and

25.0°C. 0 0.0499 g/dl 0-0.0381 g/di Q 00247 g/di-0 0.0102 g/dl
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Figure 30: The concentratiory dependence of J'?R__ of PBT-PBO(75/25)

in PPA/MSA. JR®_, ~ calculateg as 3KcTR (O
SKeR,, 13 q °
O uncentrifuged and @ centrifuged
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Figure 31: The aluncentrifuged and bicentrifuged Hv component of the integrafed
intensity light scattering of PBT-PBO (75/25) in PPA/MSA at 5145 nm .
and 25.0 ° C. O 0.0499 g/di 0-0.0381 g/dl Q 0.0247 g/dI-O 0.0102 g/dl -
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Figure 32: The concentration dependence of the Hv component of the integrated

intensity light scattering of PBT-PBO in PPA/MSA. O uncentrifuged and @
centrifuged
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Figure 36: = The aluncentrifuged Ke/R, = of PBT-PBO(75/25)

in PPA/MSA at £14 nm and 26.0°C. 0 0.0499g/dl" O~ 0.0381 g/dl
Q 00247 g/dl -0 0.0102g/dl
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Figure 7. The centrifuged Ke/R , of PBT-PBO(75/25) in PPA/MSA
20514 nm and 25.0°C. 0 bagsg/g o 0.0381 g/
¢ 00247 g/di -;O 0.0102g/ai

135




T T T T T T T T T

1 i 1 [} 1 1 1 { L1 1 1 1
1.0 KO 3.0 4.0 .0 6O

/O‘Za Jen)

Figure 38: The concentration dependence of the Vv components of the integrated
intensity light scattering of PBT-PBO (75/25) in PPA/MSA. O r
uncentrifuged ® r, centrifuged O s uncentrifuged Q—rs centrifuged
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Figure 39: Hv scattering and Hv emi
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ssion spectra for PBT 8 excited at 514 nm and
30 N salt O 0.0858 g/di, no salt
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Figure 40: Vv fluorescence intensity for PBT 8 at 25.0°

C versus concentration ® uncentrifuged, @ centrifuged + O.3N salt ,
centrifuged without salt excited at 514.5nm and .
25.0° C \
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Figure 41: Vv fluorescence inteniity for PBT 7 at 25.0°
centrifuged +0.361 N salt,

C versus concegtration. @ uncentrifuged, o
o centrifuged without salt excited at 514.5nm and 25.0°C
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Figure 42: the Hv component
light scattering ot ppT 8. +0.30 N salt, o 0.0483
? 0.0236 g/dl, ©-0.0106 g/di,
at 514.5nm and 25,0° ¢
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’ Figure 43. The Vv component of the integrated intensity light
scattering of PBT 8. + 0.30N salt 'O 0.0483 g/dl,-O 0.0383 g/dI, Q 0.0236
g/dl, 0-0.0106 g/dl - : ‘
0.25 g/dl at 514.5 nm and 25.0° :
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Figure 4b: The centrifuged Hv component of the integrated intensity
light scattering for PBT-8 + 0.3N salt O 0.0483 g/dl, O-0.0383 g/dl,
0 0.0236 g/dl,-O 0.0106 g/dl, at 514.5nm and 25.0°
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Figure 45: The ceﬁtrifuged Vv component of the integrated intensity light
scattering PBT~8 + 0.3N salt O 0.0483 g/di, G-0.0383 g/dl,
@ 0.0236 g/dl,-0 0.0106 g/di, at 514.5nm and 250
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Figure 46: The concentration dependence of the Hv

component for PBT 8 , O uncentrifuged. ® centrifuged + sa!t at 514.5nm
and 9 centrlfuged without salt at 633 nm and 25.0° C.
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Figure U47:

The concentration dependence of the Vv component
for PBT 8 + O.3N salt at 5145 nm and 25.0° @ uncentrifuged and
@ centrifuged, PBT-8 without salt (P centrifuged at 633 nm and 25.0°C

145




Kefr 4o (& 16°

- o%
6.0~

N —o—— & o
5.0 {~ o

— o

O.

4.0 I~ GP
3.0 L O © _‘_@Y;'

L
o
1
o |
-O
©

- ®© -6
(O —= =6 e
1O -
L. O O
-
: 1 1 1 i 1 | 1 i 1
Ot O.a 0.3 o~ a5 0.6 07 . ©.8 0.9
s 8/
a
Figure 48: The Hv component of the integrated intensity

light scattering for PBT 7 + 0.3 N salt at 514.5nm and 25.0°C. O 0.0492 g/dl, O~
0.0392 g/dl, Q 0.0250 g/di,-0 0.0121 g/dl.
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Figure 49:
light scattering for PBT
0-0.0392 g/d!, @ 0.0250 g/dl,-O 0.0121 g/d!

The Vv component of the integrated intensity
7 + 0.3N salt at 514.5 nm and 25.0°C. O 0.0492 g/dl,
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light Scattering for Centrifuged PBRT 7
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Figure 51; _
light scattering for cen

The Vv component of the integrated

trifuged PBT 7 +

O 0.0492 g/dI, 0-0.0392 g/d] 0

1k9

0.3 N sait at 5145
0.0250 g/di~0 0.0

intensity
nm and 25.0°C.
121 g/dl.
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Figure 52:° The concentration dependence of the Hv
component for PBT 7 , @ uncentrifuged, ‘ centrifuged + salt at 514.5nm
and O centrifuged ‘without salt at 633 nm and 25.0° C.
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Figure 53: The concentration dependence of the Vv component

for PBT 7 , @ uncentrifuged, ¢ centrifuged + salt at 514.5 om and 6
centrifuged without salt at 633 nm and 25.0°C.
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Fugure 55: Intensity fluctuation light scattering ni2-4
versus rsin? 8/2 for PBT 8 + salt at 514.5 nm and 25.0°C. a) 0.0106
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to 135° in 15° increments.

155

45° with pips clockwise



B b S SREE W W BN w'l—ﬂ-—-l—'r—l"l I‘HI‘ DA R s B dn e o TV T T LILLS I e S S o e
g 4 o
I 0 QO i
% od O &98(}785)8\‘0%5 . .
P‘m?ﬁbcq?
<3 - i - x —3
- : U %O’ ]
N o £o ]
~ i QL i
n! - 0 &
C - % -1 >
&
6 . -
0.0\ Qo 3 .
o o 9 - +
- Q o .
20 ] .
I o- ¢
- 4
1 1 -11111‘ 4 1 1’11111] 1 1 1'11!111 s 1 1111“' 1 o L3 it
00| o\ ! /10 T\ O e e,
- T T lllll'll ¥ T l»l,T,llll T TTJTIIII T T Ilﬁl’rl T T T v 1T
C b .':
o O o P050R 88 OB B o R, 5 |
bob W 50 b Pl B o980,
onN °§ -3
L q%.o b
- - 0—38 o) -
xl - é ’g Q 7
~ of 8( -0 -
c L Fout o o
- Qp -
G.Ol E" ._:-._
a1 g eaal v vl L1t o eaael 13 ¢ 5 g agat N 141111_1{
0.0 G.3 ' / . 10 Ten 5 mscc
Figure 5282 . Intensity fluctUétibn light scattering n%-1 versus r :
Sirb 6/2 for centrifuged PBT 7 + salt at 5145 nm and =

and 25.0°C a)0.0121 g/dl b)0.0482 g/dl O 45° with pips clockwise
to 135° in 15° increments.

156




Ves + 8-18d pabnjisjuasun

JO Z/§ ,uis + 4o eouspuad
. 2! } p 3P uonesuUaduUod ayjle 166 ombiyg
JNA‘ Yv F . .
< WS L XY 1
e £ , 22 Cor
€ U\CLIT
ko ' o - \Qﬂ. L
STt | 1 i 1 i 1 ) © y
oO.ﬁs —_ 1 L ! ! * ! =t .\ iv.ﬂ\ ; L 1 1 1 1 1 4 \
o L 1 L. L 1 1 1 1 \ . e®el L , i
oS! i 1 N . A L. - 1 1 1 1 . L
ot S 1 ol —a 4yt \ <Y/ 1 ) | 1 I} 1
- L ~
st X I i 1 I —_I 1 i 1 1 i B Wby 1 I SR U Y 1 3 _ = i
— el .t 1 . ' !
o7, . _ ) A A 1 A 1 s - SE L 1.1 T § i F 1 n s i
b 4 i | i i L 9 1 ) S i L i 1 . i i
- ) i m i i J 1 L i N 1 . B oSh _. 1 i 1 1 1 ) 1 i 1 1 M i i
oF L L i 1 i i L I _1h 1 i [~ 3 N R N e Y 3 g B
. ﬂ . N R - ﬁ. ..QN [ A 1 i 1 - 1 1 4 i n L L».:J].\ i L N
- - = -
_ o — o - ] i i ﬁ i
d - - L 0! i ﬂ
- L. pe ] i ﬁ. ) .
B 5 u..» - = = b~ L
- O B S I =
€anot - - i ﬁ
wi OO v ) - -
L ypibasco 0 o
2%\ ¢ S\wW
€L, WIS Ay POl -2
o' =2 1 o {— A\¢n9.onHJmc. e \ o
ST/ | 1 1 i 1 ] 1 1 1 ] 1 i .\ S -
Ol L \ i § 1 1 L L 1 1 f . ' . ! ._ . . B _ . — _ B ;T
N ) ) ) ) N | P l—ll ol i i 1 L1 bl_ It i 1 1 1
b | N . ) L L \ L .- w o SO . L . L . Lot L /] -
aSt L i L 1 1 1 L s l..\l (S _ X i ced n _ _ . ] —l" _ _ _ .l_l— i
e, 4 1 . |_|| |1_ B ||.| . »l\r i i Omh_ - ! ! —t * + —|i+ 4 | - |_| \ o —
d L|_ | R gyl - = T X B W 1 i 1 1 1 L 1 [ [} 1 1
oS L 1 2 1 A 1 N - (1 %% - A ey = - R o T *l [
” _ _ - = oSh _ \ i 1 1 1 { a1 - _— |||.\ - -
OF. i i 1 -t — i - - - 1 1 1 1 1 - ) 1
o N B B __ i B B B
L | b - - .
, - - = -
- - L O
Ll ET \ LTS
- - — ﬁ
rLre ™ Lt
! ! LT
Rl . SRR
- .
yibhico o L L R
" vPcaro-0 o
L . -
' , . s
- \‘ s » ¢

157




* ¢
. - A . [
, Wes + g8-18d pabnjinuad
jo 2/8 Nc_w; J0 @ouapuadap uONEHUAIUOD By|(e :09 @by
> I2C0\WwW
-AF C,ah\uJ@O—
© —oew
c ! o - ‘e ey Sol
KA-T i i 3 i i 1 4 1 J _||.|_r\ € < [} 1—-
<9C | . 1 i 1 1 L 1 i 1 § \ w99/ 1 i 1 ) N | \ L
U M oel | 1 1 1
PRl i 1 i [ | 1 4111 | L L . i 1 1 N i
b1 N [ L N N J_L . N B %9/ 1 i 3 N N l \ e . B N
SE L b a1 bt Fl\.LI\— _ 11 b : . : - ! . 4 -
Oon ' N . T | Y P , \ oSk 1 I 1 Lo N N !
oSh - - B B oP 1 1 1 i i
— L L ! oo S A | / N L [N S V0N DR I A RS
o2t . . . \ A 1L||...|r|||1V oS 1 i 1 { L i i N i
- . : ‘ , B B - aofl i A i i — 1 1 L _ Ll].—l— .
- - |- — L 3
) - L n .. O/ I
= - - N M
L ©
o ™ 2
= R L <)
| L
: . ,. i
{2he\0’ 0 )
v - ®9seoo x
—
DISN
%o ~c,83unvo. T ! o - e L
< VIS (o]} .
- X A L1 t i 1 1 1 4 |l_\ &n < ]
«0€1 | ) ) , . , . 1 \ X PP RN S W SRty
- ) 1 b o L vk ) L l\ i P68l L 1 1 I}
Ot | A 1 N L N R . N \ TN _ 1 i A .
St " by 1 3 L
1 J O | | JEUURE PR | i 2 [ i 1 S t
. [~ B L _
: cO\.rllh 1 1 1 4 i ne N ] [N VS SN SR
S . | L ) | , - 3 B ©% , i i 1 1 L
o _ N g - B P~ I i } 1 i
AL L = 1 1 1 1 A -] — i
* _ " B ~ o ) : 4 1 ) '
-
Ll F] b Lo _ i Lo
- = . | 1= By £y
" = L e -
- - L.
- -
withco o - \bcanoo




4

\..L_. [P VRSN SRS TP I

Figure 61:

mdel.

uncentrifuged PBT-7+ salt

I3
H

.2 !
alThe concentration dependence of 7 sin 6/2 of

=1 .
- * o.o4a9qlad 4 ©.03924la}
- B _
.
REES 2147
. - N -
1 “ < ] i ]
- . 4
.~ o T
. ~ 4 4 _ B ] i ’ _ .
- — bbc | » i T r . i T T 1 T L T T
._ N . \‘_4|1|11|4| L [ el T S —1 =" T | | r M- . . . . I . r _ .
2 v ! v v T ! T d_ ! g3 - - T 1 1 1 T ¥ T ' 7 o0
B T 1 1 ¥ Ll e T T T T T T40° B ] . : . ' . . —h - — |||4.|I~|||J >
| . ' ' ) ' ! ' ' o 95T ’ . 1 T T T T | B T 1 T 1 Y *40*
\.. T T T 1 T T 1 T ¥ Bl Tqa8" - - : - . I T 1 — . { Y ' 1 105°
-
A LI 1 LA | T T d 1 05° ' T T T T 1 v 1 T Y 1:2°
—_ 1_
1 T T T ¥ T T f { T 1,30° . I T 1 T T T T T 1 T 1 .‘m. . 2
— T T T ks T 1 /85° \ a tog TN /2
- o
%) 'R & 29N ov. myec
\ a 103
onsec-
o.
] o.o!.a,u:: - Ora1g 1ol
) i o
— -4 - -~ 5
- i
7 LORR I B B I
m s.° - -1 -~ —
L. - -4
] ,
. . . N
B ,_ i 1. i e = ' ' _DO- 1 - -1 \l Ht—1—f}—11— T e T T T T .
! ’ ' ; 11~ 1 \l'i]l,. e el [ el A s 1 T T P
B - ] It il et T
\ - {u. “] 1 \I‘-I el inmdn Danindi RERRRES R T T~ 7 T T -8'
T A AR I ’ ' f . wo* . £-— o T T o Aand s Tt EEE Bt R R I Y 8
i \) —-af-- v 1 _ouuo . T - - . . = . . . - 190®
A“\| L ! ! ! ! T 9 7] f\.l.'ln.l._lon - T T [ T T bl T ¥ 1 105°
LT i | — | 1 705° \.ﬁllu.a. . ) | SSS— t— - o - T 130°
- i i R il HRN (M tit S SR
A _ ' ' : T ! /20° \. Bl ik Rt | T 1 T [ Afnbenl thiies § T T 1 735"
- - Ty T R e S e Rk Rl S SRS 125° U&
2 - o \ a Q) >
o ! 3 \oqeTION o5 ! 10qLT >

. Mae



-t

o‘ouﬁw_h

-4

-
ad
-

T Tqa*

LYY\ g

1 00"

J .
- O -0489q4ldd
1 893
-
. -1 -
- .

. c
& A . - - ¢
10 N N 107

- -~ . g' 1
+ . - t T T ._ T ¥ v T T 1 .
4 14 " 1 o L ! i tyst ]
i b ~—T Tt |h. T Y 1 T T T T 1uo®
= E T T __ Y LA IR 7~ 4 N
=1 T T Y — ._ Y T ¥ ¥ T T 1 &0-
5 Y 7 T 1 v 4 v 1105 B
T T md — T T ) T T .| ¥, 50°
— T T Y T L 4 1 ;25° DQ
-t o a 104 Leroawnn 1 -
. mace
- o.0 u:am.&
- i
4
- —
- - n P

LT . . .

1.0 1 -1 -1 — .\.01
i 414 _
= - L -
- - J— T T Y T —ﬂ Y T T ) 20
e 1 11 1 L LN T T T 1 y6* ]
e S pa off Saenn ol { B T T T T T 1 Lot
- 1 - T S bt i g T T i T Y T ] 13 -
T T T _L T T T T T LT
] \ - —r—tT T r T Y T 1105 h
\ - T 1 T T 1 T T 1 /120°
\_ J T T T T T T T 105"
-] -
- o ! 2 atosn’9a !
Moo

LY.

< .Owhn.vb:aub\vu.
tMAICC

o.o_v_w_QL

48.

196"

T—"T9%0°

™ ,05°

Figure 62:

1,00°

alThe concentration dependence of *.min 8/2 of
centrifuged PBT-7 + salt

=1 /38°

2 »DUPH.J'U,.JB >
mMmaec

o
O
—




ot

f
. -
0
~
\ﬂ po— —
l;\’ o -
D
o/
; b
[\g
d‘ 5:0 [ -
¥
o - —
1 1 1 ]
G.o 0.0 : )
o. 'ao
v:"n;el* . e e sw” €
Figure 63:  [Kc/R. 1'% versus sin® /2 for

solutions of PBT 8 + 'shit O uncentrifuged ®

centrifuged, O 0.0483 g/dl, 0-0.0383 g/dl,
Q 0.0236 g/dl,-0 0.0106 g/d!, at 514.5nm and 25.0°
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Figure 61+:‘ ’ _Kc/RVV2 vef’sus sin® 8/2 for
solutions of PBT 8 + salt uncentrifuged, O 0.0483 g/dl, 0O~0.0383 g/dI,
© 0.0236 g/dl,-0 0.0106 g/di, at 514.5nm and 25.0°
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Figure 65: Ke/R versus sin® §/2 for

solutions of PBT 8 + salt at 25'0°C centrifuged, O 0.0483 g/dI, |

0-0.0383 g/dl, Q 0.0236 g¢/dl,-O 0.0106 g/dI, at 514.5nm and 25.0° ;
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Figure 69: Ke/R , versus sin? §/2 for centrifuged
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Figure 72. The a)uncentrifuged and b) centrifuged Vv ¢

intensity light Scattering of SPpT 38 in MSA at 51458
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Figure 77;  Kc/R,, . versus sin? 8/2 for solutions of SPBT-38 at 25.0°C
uncentrifuged, at 514.5 nm and 25.0°C. O 0.0508 g/dl, 0O-0.0375
g/dl @ 0.0250 g/dI-D 0.0108 g/di
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Figure 82: The aluncentrifuged ana'vbt)é:a‘htrifuged Hv component of the integrated
intensity light scattering of SPBT 36/MSA at 633 nm
and 25.0 ° C. © 0.0516 g/dl 0~-0.0378 g/dl (? 0.0204 g/di-O 0.0098 g/d!
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Figure 86. The aluncentrify
intensity light Scattering of SPBT
25.0°C. 0 0.0518 g/dl 0-0.0378 g/
184
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Figure 87:  The concentration dependence of the Vv components of the in’te’Qra‘te’d
intensity light scattering of SPBT-7/MSA. O uncentrifuged :
® centrifuged
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Figure 91: Concentration dependence of Kc/R , .(#) and
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25.0°C. O 0.0516 g/dl 0~0.0378 g/dl ©.0.0204 g/di-O 0.0088 g/dI

190




Ja

=
o]
<J
kd
>
o«
——
g
nl._.l
[

a.0

)

Figure 93:

11_111'1-:r..|111|

/oqs'"!‘

The concentration dependence of the Vv components of the integrated

intensity light scattering of SPBT-12/MSA. O uncentrifuged

® centrifuged
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Figure 94: The Hv emission spectra of SPBT 38 excited with a 5145 nm source
- at 256.0 ° C— 0.0512 g/dl + 0.561 N salt (p+ss); — — 0.0506 g/dl
without added salt
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Figure 95: The aluncentrifuged and bicentrifuged Vv corﬁponents of the integrated
intensity light scattering of SPBT 38 + 1.05N salt (ps+s) at 514.5 nm and
25.0°C. 0 0.0500 g/dl 0-0.0371 g/dl Q 0.0254 g/dI-O 0.0128 g/dl
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Figure 96: The concentration dependence of the Vv components of the integfated
intensity light scattering of SPBT 38 + 1.05N salt O uncentrifuged
® centrifuged
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Figure 97: The aluncentrifuged and b)centrifuged Hv component of the integrated
intensity light scattering of SPBT 38+ 1.05N salt (ps+s) at 514.5 nm
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Figure 98: The concentration dépendencé of the Hv component of the integrated
intensity light scattering of SPBT 38+ 1.05 N salt O uncentrifuged and ®
centrifuged
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Figure 99: The aluncentrifuged and.b)centrifuged Vv compbnent of the integrated
light scattering of SPBT 38 +1.5 N salt (p+ss) at 514.5 nm and

intensit
25.03,
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Figure 100: The concentration depéndence ‘'of the Vv component of the integrated
intensity light scattering of SPBT 38 + 1.5 N salt O uncentrifuged ©®
centrifuged
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Figure 102: The concentration dependence of the Hv component of the inte-gfated
intensity light scattering of SPBT 38+ 15N salt . O uncentrifuged and @
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The concentration dependence of the Vv component of the integrated
intensity light scattering of SPBT 38+ 0.561N salt O . uncentrifuged

® centrifuged .
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Figure 106: The a) uncentrifuged and b) centrifuged Hv component of the’
integrated intensity light scattering of SPBT 38 + 0.561 N salt (p+ss) at
5145 nm and 25.0° C. O 0.0465 g/di 0-0.0358 g/d Q 0.024 g/di-O 0.0101

g/d! :

20k

hd



T T T |
30 f=
A - o ®
Q
X ¥o 2 | .
"z ) o
P -
< e | ©
z —
F |
— O ™
5 !
v
L-J o ——
l l | | | o 1 L [ 1
1.0 Q.0 3.0 4.0 5.0 Nal
/oqslm\

Figure 107: The concentration dependence of the Hv component of the integrated
intensity light scattering of SPBT 38+ 0.056 1N salt O uncentrifuged

® centrifuged.
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Figure 108: The a) uncentrifuged and b) centrifuged Vv component of tt* integrated
intensity light scattering of SPBT 38 +0.53N salt (ps+s) at 5145 nm and .
25.0°C. O 0055 g/dl 0-0.0377 g/di Q 0.0242 g/di =0 0.0102 g/di
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Figure 109: The concentration dependence of the Vv component of the integrated

intensity light scattering of

SPBT 38 + 053N salt .
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Figure 110: The a} uncentrifuged and b} centrifuged Hv component of the integrated
intensity light scattering of SPBT 38+ 0.53N salt (ps+s) at 514.5nm and 25.0
°C. O 0055 g/di O 0.377 g/dl © 00242 g/di -O 0.0102 g/
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Figure 112: gz(r,Ar)-‘l versus rsin? 8/2 of
SPBT 38+0.5N salt (ps+s) at 5145 nm and 25.0°C ® 45° O 90°
2)0.0102 g/di b)0.05 g/di
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Figure 119: The concentration dependence of Jmin 8/2 of SPBT 38
+1.05N salt ps+s . ) centrifuged
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Figure 122: The aluncentrifuged and bicentrifuged Vv components of the integrated
intensity light scattering of SPBT 36 + 1.09N salt (ps+s) at 514.5 nm and
25.0°C. O 0.0544 g/dl 0-0.0413 g/dl Q 0.0221 g/dI-O 0.0088 g/dl
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Figure 128: The angular dependence for the uncentrifuged components of the Vv -
AILS of SPBT-36 + 1.08 N salt O 0.0544g/dl O- 0.0413 g/d! 9 0.0221 g/dl
-0 0.0102g/dl ’
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Figure 130: The concentration dependence of the Vv components of the integrated
intensity light scattering of SPBT 36 + 1.09N salt O r, uncentrifuged
L ro centrifuged . .
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Hv emission spectra for SPBO-4 in MSA and CSA excited at 514 nm and
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Figure 132: The aluncentrifuged and  bicentrifuged Vv components of the

integrated intensity light scattering of SPBO 4/CSA at 633 nm
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Figure 135:  The concentration dependence of the Hv components of the integrated
intensity light scattering of SPBO 4/CSA. O uncentrlfuged ® centrifuged
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Figure 136: The aluncentrifuged and bicentrifuged Vv components of the integrated
intensity light scattering of sonicated SPBO 4/CSA at 633 nm and
25.0°C. O 0.0424 g/di 0~-0.0360 g/d! Q 0.0244 g/di-O 0.0109 g/d! .
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Figure 140: The aluncentrifuged and bicentrifuged Vv components of the integrated
intensity light scattering of SPBO 4/MSA at 5145 nm and
25.0°C. O 0.0498 g/di 0-0.0376 g/d! Q 0.0246 g/di-O 0.0097 g/d ' .
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Figure 141: The concentration dependence of the Vv components of the integrated
intensity light scattering of SPBO 4/MSA. O uncentrifuged
@ centrifuged
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Figure 143: Thé angular dependence for the uncentrifuged components of the Vv
ALLS of SPBO-4/MSA. O 0.0488g/dl O- 00376 g/dl Q@ 0.0246 g/dl
O 0.0097g/d!
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Figure 144: The concentration dependence of the Vv components of the integrated
intensity light scattering of SPBO-4/MSA. O r, uncentrifuged
O-r centrifuged @ ry uncentrifuged . - ©
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Figure 145: The aluncentrifuged and blcentrifuged Vv components of the integrated
intensity light scattering of SPBO 86/MSA at 5145 nm and
25.0°C. 0 0.0487 g/dl 0~0.0389 g/dl Q 0.0236 g/diI-O 0.0092 g/
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Figure 146: The concentration dependence of the Vv components of the integrated
wensity light scattering of SPBO 96/MSA. O uncentrifuged
@ centrifuged , 4
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Figure 147: The aluncentrifuged and bjcentrifuged Vv components of the integrated
intensity light scattering of sonciated SPBO-96/MSA at 514 nm and
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Figure 148: The concentration dependence of the Vv components of the integrated

intensity light scattering of sonicated SPBO-96/MSA. O uncentrifuged
® centrifuged
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intensity light scattering of SPBO-96. O r
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Figure 154: Vv scattering and Vv emission spectra for SPBO-39/MSA excited at
633 nm and 25.0°C.
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® centrifuged
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Figure 159: The angular dependence for the uncentrifuged components of the Vv
AILS of SPBO-39/MSA. O 0.0494g/dl O~ 0.0383 g/di (? 0.0204 g/di
-0 0.0106g/d!




a‘o 1 1 | 1 1 ] 1] L 3L | S ] | S | S L3 ¥ ¥ ¥
- o
v o
~ aOF © -
9 | ox ]
. o) I
> - o- o -
g [—ov O o ©
J o- B
jVA 1o F 0 -
~ —
(o)
- : 79 9 -
el 1 1 | 1 [3 ] l‘ 1 1 [} 1 1 1 1 1 1 1
ol 02 03 oaN 05 oW oF O% aq
. 6“,\49[_"
”~
D
q> F T T L IR S | L] | L 1 | 1] 1] 1 T 1 T ¥
> O
X & 7
Q n (og) (o} .
& O
J - ‘1.0 — 8_ O -
A - o-
’- -
2 5.0 O
4 L 1 Q 1 1@! 1 L 1 | — R L. L 1 A [} i

od o 0.3 oM of oL o0F 03 o8
’ 2 €,

Figure 160: The angular aependence for the centrifuged components of the Vv
ALLS of SPBO-39/MSA. O 0.0494g/d! O- 0.0383 g/dl Q 0.0204 g/dl
-0 0.0106g/dl
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Figure 161: The concentration dependence of the Vv components of the integrated
intensity light scattering of SPBO-39/MSA. O F, uncentrifuged ‘
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Figure 162: Hv scattering and Hv emission spectra for SPBO-80 excited at

633 nm and 25.0°C.
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Figure 163. The a)uncentrifuged . . Vv components of the integrated
. intensity light scattering of SPBO BO/MSA at 633 nm and
25.0°C. o 0.0511 g/dl 0-0.0399 g/dl O 0.0250 g/di-0 0.0099 g/di
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Figure 16L: The concentration dependence of the Vv components of the integrated
intensity light scattering of SPBO 80/MSA. O uncentrifuged somcated

O-uncentrifuged @ Centrlfuged
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Figure 165: The ajuncentrifuged Hv components of the integrated l

intensity light scattering of SPBO 80/MSA at 633 nm and
25.0°C. O 0.0511 g/dl 0-0.0399 g/dl Q 0.0250 g/di-O 0.0089 g/dl
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Figure 166: The concentration dependence of the Hv components of the integrated
intensity light scattering of SPBO 80/MSA. O uncentrifuged  sonjcated
O-uncentrifuged @-centrifuged
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Figure 169:

The concentration dependence of the mutual diffusion
coefficient DM of SPBO-80/MSA
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Figure 170: The ajuncentrifuged and bicentrifuged Vv components of the integrated

intensity light scattering of sonicated SPBO 88/MSA at 633 nm and
25.0°C. O 0.0342 g/dl 0-0.0202 g/dl Q 0.0062 g/di
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Figure 171: The concentration dependence of the Vv components of the integrated
intensity light scattering of sonicated SPBO 88/MSA. O uncentrifuged
: ® centrifuged
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Figure 172. The a)uncentringed and bicentrifuged Hy components of the integrated

intensity light Scattering of sonicated SPBO 88/MSA at 633 nm and
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Figure 173: The concentration dependence of the Hv components of the integrated

intensity light scattering of sonciated SPBO 88/MSA. O uncentrifuged
® centrifuged
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2. PART I

2.1 INTRODUCTION

in ref. 1‘, several steady-state rheolog.ical properties were studied in the linear and
nonlinear response range for rodlike macroions in solution in protic suifonic acids.
The otherwise uncharged polymers are modified to become macroions in solution
through protonation by the sulfonic acid. The rheological properties studied in ref. 1
included the dependence on shear rate « of the steady-state ‘viscosity 1,
recoverable compliance R and flow birefringence function M_ = An‘:a)/(nxx)z. where
An(:3) is the flow birefringence in the 1-3 plane. The parameters are defined in ref.
1 and elsewhere.z_5 Here, we will report some transient rheological properties for

solutions of the rodlike polymer poly(1,4-phenylene-2,6-benzobisthiazole), PBT:

PBT -

Transient properties obtained after initiation of flow include the nonlinear creep
compliance Jd(t) and the viscosity growth function r)‘(t) defined, respectively, as®®

J = y(tho (2.1)

n () = olth« (2.2)
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Here y(t) is the strain at time t after imposition of a shear stress ¢ and oft) is the
shear stress at time t after imposition of a steady rate of shear x. Of course, for

large t, both 5 (t) and t/J (t) are equal to 5 .
K g K

Transient properties obtained after cessation of steady state flow include the
recoverable compliance function Ra(t), the viscosity relaxation function Z&(t) and the

flow birefringence relaxation function Rnx(t)‘ defined respectively, as

R (1) = y(the | e
7,00 = olthe | | (2.4)
M) = an'ony _e)? - :  (2.8)

Here yR(t) is the recovered strain at time t after cessatibn of steady flow at shear
rate «x (shear stress o = r;xx),a(t) is the shear stress at time t after cessation of
steady flow at shear rate «, and An(::”(t) is the birefringence (in the 1,3 plane) at
time t after cessation of steady flow at shear rate . For large t. R,{t) = R,
whereas both ':}x(t) and M (t) are zero. For t = 0, the latter are 7, and M,

respectively.

For small = or ¢, linear viscoelastic behavior is expected,s'6 for which one has the

well-known relations
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lim Ja(t) = Jo(t) = Ro(t) + t/qo (2.6)
o=0 :
lim Ra(t) = Ro(t) (2.7)
o=0 . ,

t
lim ')x(t) = ﬂo(t) = S Go(u)du (2.8)
K= 0
lim 3 (t) = ;}O(t) = ng = aglt) (2.9)
x=0 .

The creep compliance Jo(t) and the linear modulus Go(t) are related through a

convolution integral:

: .

So Go(u) Jo(t - uddu =t _ | (2.10a)
t R No“’«)

5 Go(u)Ro(t-u)du =t —t L S AN (2.10b)
0 R

) 0

where T, ”ORO and

t L ‘
Wy o -2 '
Nyt = 5, 50 uG(uddu | (2.11)
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_principal components of the refractive index and stress ellipsoids:

Equations 2.10 provide a means to compute Jo(t) from Go(t) or vice versa>®’, see

below.

As described in ref.. 1, according to the “stress-optic” law®

(23)

M‘ is related to the

first normal stress function N(x” (with neglect of An in comparison with An'13),

M ~2C NP ' | ' (2.12)
K [ 4 » .

(1
K

(1)

Here, N ' = v“)/Z(xn‘)z, where v ' is the first normal stress difference for steady

flow at shear rate x, and the coefficient €  is about equal to the ratio C of the

8.9

C =\ ) C~C (2.13)

with X the extinction angle locating the cross of isocline (the symbol Sx was used

to designate N(::)

in ref. 1. As indicated in Eqn. 2.13, the term in barenthesis is
expected to be nearly unity. With Egn 2.12, the limiting value M0 of MK for small «
is given by M0R51 ~ 2C’. With the stress-optic law, C’ is expected to be
independent of polymer concentration or molecular weight for rodlike chains.. For

(12)

small «, data on the limiting value of the flow birefringence An in the 1-2 flow

plane provide an alternative measure of (D', with An(12)/770x ~ 2C'.
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2.2 EXPERIMENTAL

2.2.1 Materials o

Polymers PBT’ 53 and 43 are described m ref. 1. Polymers PBT 72‘ and 72R are
described in reference 10. The latter two represent examples of an otherwise
common sample exposed to separate post-polymerization process’ histqries. Sample
72R experienced several precipitation -and redissolution cycles, whereas sample 72

was coagulated directly from the polymerization solution.

Methane sulfonic acid was distilled prior to use and stored away from
contamination by atmospheric moisture. Polymers were dried /in vacuo prior to use.
Extreme caution was taken to prevent contamination of the solutions by moisture.
Even modest amounts of water can lead to intermolecular association in acidic
solution of heterocyclic polymers, with substantial effects on rheological

11

properties. Methods used here paraliel those discussed in ref. 1.

The wire-suspension cone-and-plate rheometer '2

and the flow Dbirefringence
apparatus described in ref. 1 were used for most of the work reported here. A few

data were also obtained with a Rheometrics ‘model RMS 7200 rheometer, equipped

with a Birnboim Correlator mode! DAS-IV, principally to permit estimation of the

linear steady-state recoverable compliance. The apparatus was modified to retard the
rate of contamination by moisture by use of the protective ring assembly described

in ref. 1 (e.g., see Fig. 1 of ref. 1).

The temperature for the onset of thevbrdered nemat.ic phase was determined by
observation of the transmitted light with the Sample between crossed polaroi'ds in a
microscope {(approximately 100 x magnification). The sample was held in a special
cell fabricated from rectangular glass tubing. (Vitro Dynamics, Inc., Rockaway, NJ).
The sample thickness was 0.4 mm; use of cells ca. 0.02 mm thick produced a marked

increase of the transition temperature, but no such effect was found for cells of the
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thickness used. The sample waé sealed in the cell to prevent contamination by
moisture. After a rapid temperature scan (ca. 0.01K s7) to provide an approximate
estimate for the transition temperature, the temperature was adjusted to give a
nematic sample about 5-10 degrees below the transition temperature. After
equilibration, the temperature was slowly increased by incréements (ca. 1K), allowing
the neceséary time for equilibration between increments; equilibration times varied
from ca. 10 min to several hours, depending on the viscosit'y. Stability of the
anisotropic texture was taken as the -criterion’ of equilibration. The transition
temperature was taken as the temperature for the disappearance of the Iaét nematic
domains. After conversion to the isotropic state, the process was reversed, with
slow cooling to confirm the transition temperature. " The process is more difficult,

and it is easy to obtain supercooling, by as much as 5K for viscous samples.




2.3 RESULTS

The systems studied are identified in table 23. Values of "y VROA and M0R61 are
given in tables 24 and 25. Plots. of ”xl”o' Rxmo and M‘t versus 7 «x are. given in
figs. 176 to 180. As may be seen in the latter figures, reduced plots are obtained at.
various temperatures in every case but one. The é_xception is for a solution of
PBT-63, ¢ = 32.3 gKg’?, at a temperature for which the solution has bécome nematic. .
This latter behavior is included - for: illustrative comparison only, and will not be

considered further here; such behavior will be amplified in Part 3 of this series.

The reduced plqts of ”xl’70' Rx/Ro_ énd Mleb versus r x are each nearly
independent of ¢ for a given polymer for the available example. Moreover, the
curves fér ”x/”o and Rleo versus 7 « to not differ markedly among the samples
studied. The most marked difference among thé reduced curves is for MK/F{0 versus

T K for the different samples. Possible reasons for this are discussed below.

Plots of In ”o/”s and In w_ versus T are given in fig. 181. Here, W, is the
concentration for conversion from an isbtrobic state (w < wc) at T to a nematic
state (w > wc) at T and ng is the solvent viscosity. For methane sulfonic acid 7g is
7.67m Pas at 313K and SlnqslaT'1 = 2800K. As may be seen in fig. 181, o
,|n(q0/,,s)/aT" =' 1265K for the isotropic samples studied. The data on w_ may also
* be fitted by an Arrheneus relation with 9 In wclaT"1 = -433K, and wc/gkg—1 equal to
32.2, 32.3 and 34.9 at 313K for PBT 72, 53 and 43, respectively. With these results,
aln(:;o/r;swg)laT"1 = 34K is néarly negligible, see below. The product [;;]wcp is equal

to 81, 67 and 47 for PBT 72, 53 and 43, respectively (T = 313K).

As with earlier reports’s, ROT is found to decrease with increasing w, and to be
independent of T when w is well below w_. However, as w, is approached, ROT

increases with increasing w.

Data on J,(t) are given in fig. 182 for PBT 53 (c = 255 gkg_1). As with results
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reported elsewhere for flexible chain polymers,z'3

it appears that Ja(t) ~ Jo(t) for any
stress for t { t* decreases with increasing o. As with flexible chain polymers, the
strain y* = ylt¥) = oJ (t#) is about independent of ¢. Values of y* are discussed

below.

The function Ru(t) is shown in fig. 183 for PBT-53, ¢ = 294 gKg”. For small t,
R,(t) is independent of o, but for large t, RJ(T) is decreased by increased ¢. Similar

behavior has been reported for flexible chain polymers.2'3

Data on ;;K(t) obtained here di‘splay a broad, shallow maximum with increasing « at
a time t*. It is found that t* decreases with increasing « such that the strain y+ =
ctt is essenfially independent of «x. Similar behavior is well known With linear
polymers in the range of 7« of interest here®. In every case, y+ > y*. Possibly,
q‘(t) ~ qo(t) for xt < y#, similar to>results reported14 for flexible chain polymers,

but our data at small t are not sufficiently precise to be certain of this.

Data on 7;‘((t)lig"t and f\/l(t)lMx for two solutions at several temperatures are given in
fig. 184. The data are represented in reduced form versus t/g ., where the reduction
factors g are shown as a function of 7 =y R in the inserts. For each function,
the reduced curves superpose over the range of « studied. The rate of relaxation of
f\IL(t)IMx is considerably less than that of ‘;;,x(t)l’]x; 'similar behavior has been

reported15 for flexible chain polymers.

Data on PBT-72R are included to demonstrate the dramatic effects of intermolecular
association on the rheological behavior. This polymer, discussed in reference 10, is
a form of PBT-72 in which (apparently) irreversible ihtermolecular association ofhthe
chains in (nearly) parallel array has been induced through the post-polymerization
processing history. As might be expected with such aggregates, the aggregated

species have significantly smaller r;o‘ for a given w and T.
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2.4 DISCUSSION

2.4.1 Linear Viscoelastic Behavior
in the following we will consider a representation of the linear recoverable
compliance Ro(t) in terms of a discrete distribution of n - 1 retardation times.

Together with ", and L ;;OR ., these will be converted to a discrete distribution of

0
n relaxation times to facilitate computation of functions such as qo(t), '»}o(t) and R@(t).
in the next section, the nonlinear creep compliance will be diséussed in terms of a
single-integral constitutive equation that permits computation of 5 , 7, (0 ﬁx(t), R,
N(K", N(x”(t) and Mx(t) given the distribution of relaxation times. Finally, comparison of

the behavior observed here with that given by mechanistic models will be considered.

in general, the linear creep compliance Jo'(t), equal to Ro(t) + Rot/rc (see Eqn. 2.6),
can be represented in terms of a discrete set of 2n parameters including L ;;ORO
and n - 1 retardation times )‘i together with Ro and n - 1 weight factors Ri, with

n-1

Ro(t) =Ry z R exp - t/}, (2.14)

where ZRi < Ros's; the contributions comprising Ro - ERi represent terms with
retardation times much shorter than the experimental time. scale. By the use of
mefhods based on Egn. 2.10, these 2n parameters may be converted to an alternative
set of 2n parameters comprising n relaxation timés T, and n weight factors 7 such

that, for example,s'6

n

Z g exp -ty : ' . (2.15)
1 .

‘;;o(t)

where Z”i and (Z:;iv—i-1)'1 = Ry - ZRi. Values of \/r_ and Ri/R0 computed for

the data in fig. 183 by use of "Procedure x"18 are given in table 26, along with
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rilrc and ”il”o computed from Ro, L and the distribution of retardation times using

a method described elsewhere.>’

The functions R (tVR  and 'r}o(t)/ryo computed with
these are shown in figs. 176 and 178. It wouid be difficult to extract the

contribution with the longest relaxation time r_ by direct analysis of 'r}o(t) by, for

1
example, use of Procedure X owing to experimental limitations at large t. In general,

the reduced functions )‘i/rc, etc. are independent of temperature.

The linear viscoelastic data discussed above indicate that the distribution of
retardation (or relaxation) times is broad. For example, for the average relaxation

times 7“" defined by17

L z,”irr—yzwg-z : (2.16)

it is found that 277" «~ 10 for the data in fig. 183. Here the primes indicate that
the summation is limited to the "terminal” relaxation time regime {(e.g., the n terms

(2) )

of interest here). In the terms used above 7'~ ~ r_ and - e

~ nglZaT, 15(Rg

- ZR).

With the use of the ’stress-optic’ relation discussed in the Introduction, M(t) is

expected to fit the relation (with negiect of An‘fS)):

R = lim M@ ~ 2 C 5=2 Spr. exp - tir (2.17)
'\6 K 0 i i

=0

A plot of this function calculated with the qi/qo and -ri/rc giveh in tablev26 is
included as the curve in figs. 184-185; no data on M(t) are available for the solutions

studied here, but an estimation of M(t) from data on Mx(t) is considered below.

Following the methods discussed in ref. 1, a plot of 5 /Iy M[))]a*3 versus cL/M a#
. 0's L

is given in fig. 185. Here, ¢ = wp, with the solution density p approximately equal
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to the solvent density Pe for the weight fraction w of polymer'intere'st here, ML =
M/L is the mass per unit contour length and <* is an empirical parameter chosen to -

fit the experimental data by the relation

ngln, = KNiM[n]a*s x3 (1 -BX)"? (2.18)

where X = cLIMLa*. The plot in fig. 185 was constructed using the data on [5], Ln
and M” = L’]ML given in table 23. Data reported in ref. 1 are included for
comparison. The data are well fitted by Eqn. 2.18, with the values of w#/B =
a*ML/L']pB given in table 27 and KB™® = 1.5 x 107% These values are conveniently
deduced by comparison of bilogarithmic plots of ”OI”sMn[”] versus cL,)/ML with a
similar plot of BX)3(1 - BX)"? versus BX (Egqn. 2.18). If these have the same shape,
then the vertical and horizontal 'shifts’ required to superpose the curves are equal to
log KNi(a*/B)a and log e+/B, respectively. As may be seen in tgble 27, values of W,
and w*B~ ' are equal within experimental error. The correspondence of w, and wsB ™!
and the temperature dependence of w_ provides a basis for the observed negligible

temperature dependence of ”OI”sW2 remarked above.

With Egn. 2.18, the substantial disparity between values of 7, for PBT 72 and 72R
* at.a given ¢ and T, is subsumed in the parameter wwB ™1, Apparently, the suspected

aggregation affects both 7 and w.

2.4.2 Nonlinear Viscoelastic Behavior

in many ways the behavior observed here closely parallels that 'reported
elsewhere?3 for flexible chain polymers. In the latter study, a single-integral
constitutive egquation of the BKZ type18 was used to describe behavior for Jﬂ(t).
n,th . R, and N(x”. With J_(t), it was found that J_(t) ~ J(t) provided the total
strain oJ _(t) did not exceed a limiting value y, independent of o. In accord with

many other studies,® the strain y+ = xt for which anxm/at is zero was found to be
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independent of «. It was found that y+ did not depend on polymer concentration

over the range studied, but that y* « ¢ . As may be seen in fig. 182, with the
creep data on PBT solutions, it is also observed that Ja(t) ~ Jo(t) provided ”J,(t) <

y*. Moreover, as shown in fig. 186, y* « ¢ .

As with flexible chain polymers,3 the rheological behavior described above is
accommodated by a BKZ-type single-integral equation which utilizes the lin>ear

viscoelastic modulus Gt} and a strain function F{]y|) in the forms

ar]o(t) -
Go(t) = =X g7 exp-tlr (2.19)
. at [} B ]
Flly]) = exp = m (Jy| - y¥y" (2.20)

where m is zero if |y| < 4y’ and unity otherwise. In terms of experimental

parameters, y' = y#* and y" = y+. With this relation the steady-state functions are’

represented by the expressions3

7, * 2 p, (1 - qx.i) (2.21)
”oﬂxax = 2 T, (1 - 9. r"i) (2.22)
2 (0 _ _

n, N, =Z g7 (1-q . p“) (2.23)
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The functions Qi ' and p_ . which depend on «7/y" and ¢ = y'ly", are given in

i
the Appendix, along with a relation for "x(t)' but it may be noted that q“'i is zero
for kT, < 1, and approaches unity with increasing « for KT > 1. To a good
approximation, q ., r, . and p.“.i each depend on Axr, where g = y"f with 2 =1+
a - a2/2; typically, f ~ 1. Comparison of Eqgns. 2.21 - 2.22 with data on solution of
PBT 53 (c = 294 gKg") are given in fig. 183, using the valﬁes of 7. and v, in table
26. The comparison is seen to be quite good, with the fits to Egn. 2.21 and 2.22
giving 7' = 1.79 (for ¢ = 0.5), in comparison with & ' = 2.5 computed with the

observed y'/y” and y”, using y’ = y* and y" = y".

In general, »  is closely approximated by [:;o(t)]m___1 such that®

N, ~ l:r)o(t)]‘u=1 =X 7, (1 - exp - 1/xri) (2.24)

and this approximation obtains With the data in fig. 176 and 178 as well. Equation
2.24 reflects the approximation Q.; ~ exp - 2/5/9:c-ri and /9’1 ~ 255. Equations 4.8
- 4,11 show that the dependence of "x/”O and Rleo on r « for the « of interest
here is closely controlled by the distribution of relaxation times obtained. for. a linear
response. The data in figs. 176-179 shows that ”xl"o and RK/Ro are similar for the
seyeral sample§ studied, but that distinct differences obtain among the samples,
indicating differences in the distribution of relaxation times and/or the paramete.rs Y

and y"” in terms of Eqns. 2.21 - 2.22,

If Egn. 2.12 is assumed, then data on Mleo 'may be compared with N(’:)IRo
calculated with the single-integral constitutive relation. As shown in fig. 1.80a, the
data on l’\/l,(/Ro versus 7 _« for solutions of PBT-53 at several concentrations and
temperatures form a single curve that can be fitted reasonably well using the
estimate ﬂ_1 = 179 mentioned above, and Mo/Ro ~ 3.8 MP;1. The latter may be

1

compared with the estimate MOIR0 ~ 3 MP; given in table 25 based on data on
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n('I2)

at lower concentrations of PBT-53. Discrepancies at small T K in fig. 180a
(13)

A
may reflect experimental error in measuring small values of An '~. The data on
MKIR0 versus r « for PBT 72 and 72R are not too different from each other, but
both lie below the data for PBT-63 for a given T K, 88 do the data for PBT-43.
Thus, the data for the latter three solutions indicate a more rapid decrease of M;
with increasing T K than is observed with PBT-53. In terms of the pr.oport'ionality
Mx « N(K” of Egn. 2.12, this corresponds to a broadened distribution of relaxation
times for the latter three in comparison with PBT-53. Since the data on R“IR0 and
"xlNo versus 7 x do not support the postulate of broadened distribution, one may

conclude that additional factors are involved, possibly having to do with the state of

interchain association believed to obtain with some of the solutions.

The data in fig. 184 show that the relaxations ?7x(t) and Mx(t) occur more rapidly
with increasing «, behavior also observed with flexible chain polymers. Moreover,
the functions 'r}n(t)/r;,C and Mx(t)lMx can both be represented empirically in terms of a

reduced time t/ﬂx such that

;)K(t/‘rc)/q ™ Eo(t/ﬂx)/q 0 | (2.25)

M (/7 WM~ RLt8 M | (2.26)

According to Eqns. 2.25 and 2.26, bilogarithmic plots of ?)x(t)/;;x and Mx(t)lMx versus
tlrc can each be superposed by ’shifts’ along the log t/rc axis that give log ﬂxlfc'

For the data in figs. 184-185, ﬂxlrc ~ (r‘Ifc)" with v = 0.77, where r = 5 R, .

‘In terms of the single-integral equation discussed above,
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Bx(t) =Z g (1- qx'i) exp - tlr, (2.27)

»;i N:)(t) =X 0T, {1 - q,, p‘,i) exp - tit, (2.28)
Thus, if

- NG

M ~2C N (2.29)

then both the stress and birefringence relaxation can be predicted with the single
integral equation given data on n. T and the nonlinear parameters y' and y".
Although it is not apparent in their form, numerical calculations with Eqgns. 2.27 and
2.28 show that Eqgn. 2.25 and 2.26 are approximately obey, with ﬂx ~ T, for the
ri-distributions obtained here. By comparison, with the empirical behavior ﬂx'is a
little larger for a given T Nevertheless, the similarity between the experimental
result and that observed with Eqns. 2.27 - 2.29 is satisfactory, given the limited
accuracy of the n. T set and the approximate nature of the single-integral
constitutive equation obtained with Eqn. 2.19. It does not seem feasible to extract
anélytical approximations such as Eqns. 2.25 and 4.13 from Eqns. 2.27 - 2.é9 given
the approximate nature of the numerical comparisons. Nevertheless, with Eqgns. 2.27
- 2.29, the enhanced relaxation rates with increased « are attributed to the successive
suppression of terms with long 7. 85 K increases, with the result that the remaining
terms with shorter T, exhibit more rapid relaxation. For example,' q“'i is

approximately given3 by the relation

¢ -2/€
1-a~ (14 |fer |9 {2.30)
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where ¢ depends weakly on ale.g., ¢ ~ £2).  With this apbroximation, use of Eqn.
2.27 gives the result
3 3y, (Brr )

~ BZ g exp - tir (2.3ﬂ
S« 3t i [1 + |ﬂ‘fi|‘](2+€)“ i

which is positive for all t and x. In effect, with Egns. 2.25 and 2.26, T is an
approximate measure of the effective relaxation time following steady state flow at
shear rate «. With Eqn. 2.22,

Zniriﬁ - q,, exp - Tx/Ti)

r = » (2.32)
x Zy. :

so that r'x decreases with increasing «x.

The empirical behavior given by Egns. 2.25 and 2.26 suggests that a set of pseudo-
relaxation times and weights computed from pseudo-retardation times and weights

obtained from Rﬂ(t) for o = 5, « might be used to estimate ?;x(t) and N(:)(t).. .

2.4.3 Molecular Aspects
The threshold volume fraction ¢ or concentration c. for incipient separation of the

ordered phase from the isotropic solution is expected to depend on chain length L

and diameter d according to a relation of the forms19'22
$. ° (6A/Lw)kDf(L/d) | (2.33a)
InL_/d A
c [yl — 2 — = AM/M_)''C k_flL/d) (2.33b)
c . w D
L”/d .
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where kD is a polydispersity factor, equal to unity for a monodispersed polymer,

f(L/d) ~ 1 for large L/d, A is a constant and L" ~ (LzLW)UZ. In expressing Eqn. 2.33b,

use is made of the relation23 i

: ) ) j
ML[y;] = rrNAL”/24ln(L”/d) (2.34)

and c_ is calculated from the threshold volume fraction ¢ as c_ = ;2¢c where the

partial specific volume v_ is equal to nNAdzl4ML; data in reference 10 give .d ~ 0.5

2
nm for PBT. For monodispersed polymers, theories of Onsager19 and Flory20 give A

equal to 5/9 and 4/3, respectively. Calculations have been given for chains with a

22 of L, with results, respectively, that

can be represented by the expressions (for large L/d), A(MZIMW)_szD ~ 6" "2 and

most prc>bab|e21 and a gaussian distribution

AkD ~ (4/3)(Mwan)”3. The experimental estimates of c. may be higher than values
'given by Eqgn. 2.33 owing to the limitations inherent in observing the onset of a

birefringent phase. Experimental values of cc[;;](d/L”)ln(L”/d) obtained here (for T =

313K), calculated with d = 0.5 nm, range from 0.9 to 1.1. Thus, the experimental

values of c_ seem to be in a range predicted by theory given the molecular weight

2

.disti'ibution that obtains®* with PBT and related polymers.

The correlation of the data for 5 {c,L) with Eqn. 2.18 appears to be satisfactory.

Equation 2.18 was obtained by Doi?528 using a model based on severe restrictions : ool

to rotational molecular motion owing to interchain (hard-core repulsive) interactions.
The near correspondence of w#/B with W is in avccord with this model. The
experimental estimate of K ~ 1.5 X 10”4 is far smaller than the original estimate K ~
1 of Doi, but is in better accord with a numerical estimate of the rotational diffusion E

27

of a rod moving in a milieu of randomly distributed rods. The considerable

variation of [z], and w, between PBT 72 and 72R is attributed to interchain

7o
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aggregation of the latter. Nevertheless, the dependence of the reduced parameter
”oan["] on ch/w* ~ anlwc is found to be similar for the two polymers,
indicating an approximate compensation for the effects of the aggregation on 5 and

W obtaining with PBT 72R.

The éxperimental values of RocRT/M” ére far larger than the value RocRT/M = 5/3
given by the Doi and Edwards,26 possibly owing to the effects of molecular weight
distribution. The data on Ro exhibit a previously reported effet:t:13 R0 decreases with
increasing w for w/wC < 0.7, then increases with increasing w. This behavior is
predicted by a calculation of Marucci®®; this treatment predicts that Ro(t) ~ Ro, which

is not the behavior found here.

For small ¢, it is expected that"z9

lim € = 3BndcIMRT | | (2.35)
c=0 : ‘

where § is the molecular anisotropy. For PBT in methane sulfonic acid § ~ 0.6 and

-110

the refractive index increment on/dc ~ 0.55 mlLg Consequently, with Egn. 2.17 for

-1 -1
small ¢, MGRO ~ 6.9 MPa

value of ca. 3 MPa™ .

if M'I is used, in comparison with the experimental

A constitutive equation obtained by Doi and Edwards2® for isotropic solutions of
rodlike chains based on a mechanistic model similar to that leading to Eqn. 2.18

leads to a particularly simple result for Go(t): one relaxation time {e.g., n, = and

"o
T, = Tc). The considgrable disparity between this prediction and the behavior
observed here may reflect the effects of molecular weight distribution. Alternatively,
relaxation modes not included in the theoretical treatment may also contribute to
Go(t). Possibilities for the latter may include the motions contributing to smaller K
in Egn. 2.18 than the theoretical expectation, or fluctuation in the local density of

interchain interactions related to fluctuation in the local concentration.
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The mechanistic treatment of Doi and Edwards leads to single-integral constitutive
equation of the tyﬁe employed here, with the exponential Gt} and with F(]|y|) that
is fitted to within 10% by (1 + y 2/5)"'. For the calculations of interest here, Eqgn.
2.20 provides a satisfactory fit to the theoretical estimate,3 provided y' = 0.6 and y”
= 213 f(e.g., ﬂ-1 = 2.38). Consequently, Eqgns. 2.21 and 2_.23 provide close
representation of the expressions that would be obtained with the vtheoretical single-
integral constitutivé equation if the latter is generalized to use the empirical T T
set and the experimental values of y' and y”. As shown in figs. 176-180, the
functions r]x/r)o, Rx/Ro and Mleo ~ N(::)/Ro computed with a single relaxation tirﬁe
and ﬂ” = 2.38 do not correspond to experiment. The theoretical constitutive
equation discussed above employs the so-called "independent alignment
approximation”. For rodlike molecules, the results obtained with and without the use
of this approximation are numerically quite similar for the functions of interest

here.30

As with moderately concentrated solutions of flexible-chain polylmers,3 the observed
y" ~ y" exceed 0.6, and are proportional to ¢”', whereas the observed y" ~ y+ is
not too far from 2.13, and does not depend on .c. 'With flexible chain polymers it
was suggeéted that the discrepancy between ¢’ and 0.6 'might be attributed to a
looseness in the pseudo-entanglement network caused by the finite chain length of
" the polymers studied (e.g., cM/,oMc ~ 10, where Mc is the .critical chain length for
which alnyolalncM changes from 1 to 3.4). A similar effect may be operative here
such that y’ would approach 0.6 only if the rodlike chains were very long. In the
latter case, however, with rodlike chains, an ordered state would develop, negating

the comparisons being made here. Thus, with rodiike chains, the "“universal” behavior

may be unattainable.

Whereas molecular weight distribution may be a principal source of the distribution
of 7, noted above for the samples studied here. Contributions to the distribution

could also arise from the postulated {ooseness of the network constraints to which
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values of y' larger than 0.6 are attributed. Thus, D_. from which the relaxation time
of the mechanistic model -arises, is closely linked with the translational motion of a
rodlike chain along its axis. Fluctuationé in the distance oVer which this translation
must occur might contribute to a distribution 6f T and such fluctuations could be

enhanced if the chains are short, similar to the effect postulated for y.

As should be expected, the relaxations ;]x(t) and N:)(t) are both much faster with the
theoretical one-relaxation time model than is observed experimentally. With the
theoretical model, N(’:)(t/rc)/N(:) is independent of «, whereas experimentally
N“)(t/ﬂ IN'Y is essentially independent of &, with B~ 7 < 7. Ineffect, r is a

K K K K K Cc K
measure of the relaxation time for the deformed sample. With T given by Eqn. 2.32

and use of the approximation 1 - Q,. ~ exp - 2/5 ﬂx‘ri, one obtains

~ & (1) -1
T‘/Tc ~1-N, (Tx + 2(58«) )/Ro (2.36)

where N (o”(t) is given by the limit of Eqn. 2.28 for small x. As x is increased, T,

decreases owing to successive suppression of contributions from the largest T
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Appendix

The functions Qe Mo and P, in Egns. 2.21- 2.23 are given by3

q,, =1+ af - f?exp - g | (A1)

.

-
1]

exp - R » /7. . (A2)

1o (e g) 4t
p..=1- (A3)
o 2 1+ af - f
where f~' = 1 + 7.x/" g = ey”lrx and 2 = y'ly". For e = 0,331
i it S YT Yy . A
(1-q,) =00+ raly)? (Ad)
- - ” -3 ’
(1-aq,; Peid =1+ rrly ) . (AB)
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Table 23 Polymer Solutions Used in This Study

Polymer [51/mLg”" L /nm® Range Range
L wigkg™’ TIK
PBT 72 1770 135 25.4-29.4 1297-331
PBT 72R 1100 100 29.6 296-331
PBT 53 1400 18 1.49-32.3 | 283-333
PBT 43 900 95 29.4-31.5 288-297

a) L =M /M, where M = 220 dalton nm™ ' and L = [51/K_)'8
n /S L y 7

with K = 0.26 mLg™ .10
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Table 24 Rheological Parameters for Solutions 'of"R‘odlike'P'dlymérs

Polymer wigkg™"' TIK 1gA” IkPas? RocRT/M'I.t’ |
72 25.4 328 3.94 83
25.4 312 3.67 86
25.4 297 3.77 85
29.4 ' 331 ’ 27.5 BB
29.4 312 31.3 Y
72R 296 331 7 | (28/37)
29.6 312 1.99 (31/41)
29.6 296 2.42 33/44
53 25.5 333 1.89 (60)
25.5 313 1.83 (60)
25.5 303 1.73 (62)
25.5 296 2.10 64
25.5 | 286 1.89 69
28.0 7 333 6.81 - BY
28.0 311 6.30 58
28.0 293 5.81 (58)
29.4 313 . 7.5 70
29.4 | 296 7.64 78
29.4 285 6.80 107
317 333 13.2 85
31.7 313 ; 20.7 82
32.3° 283 . 5.59 130
32.3 294 454 112
32.3 316 5.24 97
32.3 333 4.83 102
43° 20.4 297 0.098 11.8
29.4 288 0.093 14,0
315 296 0.11 15.3.
31.5 291 0.12 17.2
31.5 288 0.12 18.1

/

(a) A = expE(T' - T7') with E = 4065K and T _= 297K.
(b) Ro in parenthesis calculated as TCI’IO with T, determined from
fit of )7"/710 versus & with curves of qklrgo versus 7 _«.

(¢) Nematic solutions for T £ 292K,

(d) Ro determined as lim J'{w).
w=0
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Table 256 Rheological and Rheooptical Parameter Solutions of Rodlike Polymer

(PBT-53)
wigkg™" TIK nglPas R eRT/M® MRy Yimpa™!
1.49 297 0.145 14.6 3.03
2.10 297 0,340 13.6 2.72
2.80 297 , 0.580 15.0 3.02
3.50 297 0.780 14.8 -

(a) R, determined as lim J'{w).
. 7T w=0
c
{b) M0R51 was calculated as An“?)/qxx

for small «.
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Table 26 Retardation and Relaxation Spectra

R » ' .
ki/rc RiIRO | ri/rc qi/no
PBT-53; w = 29.4 gkg™ |
2.580 0.580 3.251 0.231
0.210 0.280 0.494 0.480
0.0175 0.130 0.0615 0.092

- 0.0010 0.092

G e s e e W e s En R e L Gr SR e S W G e W e S B G G SE G W e S W Gn KR e 6 e e e G e GE e dE G GR e R W W Me SR oW M b W e W

PBT-563; w = 25.5 gkg

5.248 0.430 5732 0.094
1.022 0.290 1.354 . 0.258
0.240 0.174 0.381 0.253
0.080, 0.035 0.098, 0.084

0.025, 0.312

1

(a) = cRT/M is 134 and 596 for c/gkg equal to 255 and

596, rcespectnnvely.
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Table 27 Critical Concentrations for Solutions of Rodlike Polymers

b

Folymer TIK vwclgkg_1 w'B”~ 1ngg_ ! chlw'
PBT-72 296 29.7 27.5 1.08
313 32.2 28.9 1.11
333 34.9 30.4 1.15
PBT-72R 296 - 36.5
313 - 38.3
333 - 40.3
PBT-53 296 29.9 315 0.85
313 31.7 32.9 0.96
333 34.9 34.9 1.00
PBT-43 296 32.2 38.8 0.83
313 34.9 40.7 0.86
333 37.9 42.9 0.88

{(a) The concentration for formation of the ordered phases interpolated using

the relation w_ = k exp - 433/T, with k equal to 128.4, 128.8 and 138.2

for PBT 72, 53, and 43, respectively.

(b) Obtained by a fit of Eqn. 4.5 with data on g 3S described in the text.
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Figure 176: The reduced steady-state viscosity » /5 versus the
reduced shear rate T K for solutions of PBT-53 in me?hane sulfonic’
acid. From top to bottom:25.5 gkg ! 0, o-, 0. p Q@ for 12.5, 23, 30, 40, 60 C, resp. )
28.0 gkg~ (O— O for 38, 60, resp.); 29.4 gkg~ ' (O, b, O for 12, 21, 40 C, resp.);
31.7 gkg~ ' (O-, Q for 40, 60 C, resp.); and 32.3 gkg ' (8. 19, 43, 60 C
for O, O-, Q. -0, resp).
The solid curves represent Eqn. 2.21 using the 7, and T in table 26. The
dashed curves represent the data for the solution with w = 25.5 gkg ' to
facilitate comparison of the data at various w.
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? and 7, in table 26. The dashed curves represent the data for the solution
with ¢ = 25.5 gkg ' to facilitate comparison of the data at various w.
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Figure 178: The reduced steady-state viscosity ;;K/;; versus

the reduced shear rate T K for solutions of PBT polymers in methane

sulfonic acid. From top tS bottom: PBT-72, 25.4 gkg (Q O-, O for 24,
38, 65 C, resp.);
PBT-72, 29.4 gkg™ ', (0; b for 39, 58 C, resp.); PBT-72-R, 29.6 gkg -1
(6 Q. O for 23, 39, 58 C); PBT-43,
31.5 gkg~ ' (-0, Q. O-, O for 10, 14.5, 18, 23.5 C, resp.). 'I:t'%e dashed
curves represent the data for PBT-53, ¢ = 25.5 gkg
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Figure 179: The upper three panels give the reduced steady-state recoverable

compliance R /R versus

the reduced shear rate r «; the lowest pan'él gives the reduced dynamic compliance

J{w)R_ versus the reduced frequency 7 «. The data are for

the solution in the corresponding panels identiffed in the caption to fi1g. 178.
The dashed curves represent the data for PBT-563, w = 25.5 gkg '.
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Figure 180: The flow birefringence function versus the reduced shear rate T X for
solution of PBT in methane sulfonic acid.
From top to bottom: PBT-53, 25.5 qu' ,

(o, b for 23,40 C, resp.), 28.0 gkg~' (6,60 C), 29.4 gkg~ ' (O, O- for 23,40 ¢, resp.),
31.7 gkg~' (@, 40 C); PBT-72, 25.4 gkg ' (Q, O~ for 39, 65 C, resp.);
PBT-72R, 29.6 gkg"1 (O, O, O- for 23, 39 and 60 C, resp.); and PBT-43
(31.5 gkg~', 9, O- for 15, 23 C,
resp.). The solid curve represents Eqn. 2.12
with Eqgn. 2.28 using the 7, and T, in table 26.
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Figure 181: Temperature dependence of the viscosity »_ relative to
that »_ of methane sulfonic acid, and the concentration w for the
onset of the’ nematic phase. In the figures, A’ and A” are the values of
and w, respectively, for T = 313K,
The symbols dendte PBT-53, O; PBT-72, ® and PBT-43, 0.
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Figure 182: The reduced creep compliance J _(t)/R_ (open circles)
and recoverable compliance R (t)/F(O (filled circles) versus the reduced
time t/r for a solution of PBQI’-53 in methane sulfonic acid, w = 25,6

gkg'i.c The symbols Ofe), O, O-, b, -0 denote stress o/Pa equal
to 2.8, 15.2, 68.3, 78.7 and 145, resp. The data for Ofe} are at 23 C;

all others at 13 C.
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Figure 183: The reduced recoverable compliance function R (t)/R
versus the reduced time t/r_ for a solution of PBT-53 in methafe su?fonic
acid, W = 29.4 gkg ™. The stress o/Pa is 6.6 (0), 39.3 (O-),

and 57.5 {Q) with T = 40° 20° and 40°C, respectively.
The curve represents Eqgn. 2.14 with the Ri and )‘i given in table 26,
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Figure 18%: The reduced flow birefringence relaxatlon function M(t)/M
(filled circle) and stress relaxatlon function (t)/q (openx
circle) for PBT-72, 25.4 gkg~ ' (top) and PBT-5§ 294 gkg™'

(bottom) in methane sulfonic acid. For PBT-72, «/s | is 0.0208 (O),
0.0358 (0O-), 00726 (Q) 0.100 (-O), 0.0126 {e), 0.0502 (¢), all at 39 C.
For PBT-53, x/s”' is 0.0227 (O), 0.0455 (O-), 0.085! (Q), 0.186 (~O),
0.0050 (0) 0.0126 (s), 0.0502 (-e), all at 21°C, and 0.0050
(¢), 0.0252 (o).
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Figure 185: The reduced viscosity as a function of concentration
Here y* is the value of ¢
for the maximum in no and 73 is a constant.
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Figure 186: The critical strain y* for the onset of nonlihear
behavior as a function of concentration in weight .-
percent.
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